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ABSTRACT 
The objective was to evaluate the effects of peripartum supplementation of 
methionine hydroxy analog (MFP; Novus International, Inc. St. Charles, MO) to 
nulliparous beef females on dam and progeny performance. Yearling Angus heifers (n = 
60) were blocked by expected parturition date, stratified by body weight (BW) and body 
condition score (BCS), and randomized to 1 of 15 pens (4 females/pen). Pens were 
randomly assigned to 1 of 3 dietary treatments; a basal diet supplemented with either 1) 0 
g · animal-1 · d-1 of MFP (M0); 2) 15 g · animal-1 · d-1 of MFP (M15); or 3) 30 g · animal-
1 · d-1 of MFP (M30). The basal diet consisted of ground hay, silage, and distillers grains 
and was formulated to maintain similar BW across treatments. Diets were fed from 45 ± 
13 d prior to average parturition date through 81 ± 13 d postpartum (DPP) when all cow-
calf pairs were commingled and managed as a singular group on pasture until weaning 
(199 ± 13 DPP). Dam BW, BCS, and blood samples were taken at six predetermined 
timepoints throughout the study. Progeny data collection occurred at birth, two 
intermediate timepoints, and at weaning. Milk samples were collected for component 
analysis at 7 ± 2 DPP and at 55 ± 5 DPP. Serial blood samples were analyzed to establish 
resumption of postpartum cyclicity, and ultrasonography was performed at 55 ± 5 DPP to 
evaluate ovarian function. Cows were artificially inseminated at 82 ± 13 DPP and turned 
out with bulls for a 55-d breeding season. Continuous and categorical data were analyzed 
using the MIXED and GLIMMIX procedures of SAS, respectively. Dam BW and BCS 
were not different (P ≥ 0.24) across treatments throughout the study. Week 1 milk fat 
increased (P = 0.05) linearly and total solids tended to increase (P = 0.07) as MFP 
increased in the diet; however, no other milk components differed (P ≥ 0.16) as a result 
xi 
 
xi
 
of treatment. No differences (P ≥ 0.16) in dam reproductive parameters or progeny 
performance were observed. At breeding (the conclusion of dietary treatments) blood 
urea nitrogen (BUN) concentrations linearly decreased (P = 0.03) with increased 
supplementation of MFP and non-esterified fatty acids (NEFA) concentrations were 
lower (P = 0.04) in MFP-supplemented dams compared to dams receiving no MFP. 
Concentrations of BUN and NEFA were not different (P ≥ 0.22) at any other remaining 
timepoint nor were glucose and methionine (Met) concentrations different (P ≥ 0.15) at 
any point. These data indicate that supplementation of MFP in late gestation and early 
lactation may increase milk fat components immediately after calving but does not 
translate to significant changes in progeny growth or dam reproductive performance.  
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CHAPTER 1.    INTRODUCTION 
After a high peak in the United States beef cow inventory in 1985, beef cow 
numbers gradually declined until they reached record lows in 2014. Since 2014, beef cow 
inventory has steadily begun to rise again and on July 1, 2018 the beef cow inventory had 
reached approximately 32.5 million head. Along with the 1% increase seen in beef cow 
inventory compared to numbers one year prior, the United States also has 4% more cattle 
on feed compared to July 1, 2017 (USDA, 2018b). In late 2014, live fat cattle prices 
peaked at record highs, trading for $169.00/cwt. Prices have since become more modest 
and in July of 2018 the price received for live cattle ended at $112.00/cwt (USDA, 
2018c). The industry has remained strong in the trend of feeding cattle to much heavier 
weights with average live weight for steers in 2017 registering at 1,409 lbs with an 
average dressed weight of 907 lbs (USDA, 2018a). With continual improvement in 
genetics and a tendency to feed cattle to heavier weights, the most recent estimated 
grading percent report had the national average at 9.58% Prime and 71.08% Choice 
(USDA, 2018e). What is even more impressive is that feeding strategies and cattle 
genetics have allowed for the boost in quality grade without seeing subsequent inflation 
of yield grade 4 & 5 cattle flooding the market. 
Between 2007 and 2012, the United States lost approximately 17 million acres of 
pastureland and Iowa, specifically, saw 21.2% of pastureland converted, the second 
consecutive reduction in the state since 2002 (USDA, 2012). The serious interest in the 
ethanol industry was the predominant reason driving up corn prices, which led to farmers 
finding incentive in continually converting pastureland into crop ground. Corn prices 
continued to rise until the national average peaked at $7.63/bushel in August of 2012 and 
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prices remained fairly strong through most of 2013, which would suggest the 2017 census 
will likely again see a decrease in pastureland and rise in crop ground acres. Corn prices 
have traded in the $3 range over the past 3 years, allowing livestock producers the 
opportunity to more feasibly rebuild the cow herd inventory (USDA, 2018d). 
As cow herd inventory begins to climb alongside a trend in continually reduced 
pastureland, producers must begin to consider other management strategies and 
technologies to maximize production and meet the red meat demand. Additionally, the 
Food and Drug Administration updated the Veterinary Feed Directive (VFD), which 
became fully implemented on January 1, 2017. The current VFD was put into place to 
address antibiotic resistance in human and animal pathogens and to preserve the efficacy 
of current antibiotics. Antibiotics medically important to both human and animal health 
such as chlortetracycline, oxytetracycline, and tylosin now require a valid veterinarian-
client-patient relationship along with a completed VFD form in order to be distributed 
(Hersom et al., 2016). Feed additives that do not fall under the VFD include ionophores, 
parasite control, and steroid hormones. 
A management strategy that has gained traction in the dairy cattle industry and 
will likely be greater implemented in the beef industry in some form is precision feeding. 
Precision feeding utilizes mechanistic nutritional models and constant monitoring of 
animal, feed, and environment characteristics to closely match the nutrient needs of an 
animal with what dietary nutrients are supplied (Tylutki et al., 2008). The objective is to 
maximize performance and outputs while minimizing environmental impact, all in the 
most cost-effective manner possible. Accurate management of dietary protein levels are 
critical in meeting an animal’s needs without excess protein being excreted as urea-N and 
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potentially contributing to environmental ammonia emissions. One way that such results 
can be obtained is by balancing cattle rations for amino acids (AA) rather than total 
protein, thus meeting AA requirements with less dietary protein (Schwab, 2012). Interest 
in AA feeding first began with the most limiting AA, methionine (Met) and lysine (Lys), 
and as our scientific knowledge grows attention will shift to other less limiting AA such 
as threonine (Thr) and tryptophan (Trp; Toride, 2002). More recent interest on the 
ruminant side has turned to ruminally protected amino acids (RPAA) that can pass 
through the rumen without degradation and arrive at the small intestine intact. Because 
the effects of feeding RPAA, specifically Met, have focused primarily on milk production 
in dairy cattle further investigation is warranted into the effects on progeny performance 
and reproductive success in beef cows. 
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CHAPTER 2.    LITERATURE REVIEW 
2.1 Introduction 
The following chapter of this thesis contains a review of the literature relating to 
protein and amino acid (AA) metabolism and the impact of supplementation on beef cow 
and calf performance variables. More specifically, the events of ruminal protein 
metabolism are explained in detailed including the degradation and assimilation of 
dietary protein into microbial protein. Likewise, methionine metabolism is discussed 
along with the effects seen due to supplementation with ruminally-protected forms.  
Furthermore, a brief discussion on the relationship between nutrition and reproduction is 
included, followed by the specific interactions of protein supplementation and 
reproductive function in cattle. 
2.2 Protein and Nitrogen Metabolism 
2.2.1    The Rumen Microbes 
The rumen, an anaerobic ecosystem, is a complex yet very tightly regulated 
system. It operates at a temperature of approximately 39 °C and at a pH between 5.8 and 
6.8 in cattle fed predominantly forage diets and not experiencing any acidotic bouts 
(NASEM, 2016). The rumen’s unique capability of utilizing a vast array of feedstuffs to 
produce a rather consistent microbial crude protein (MCP) product is a result of a very 
diverse ruminal ecosystem of microorganisms. The bacteria, protozoa, fungi, and 
Archaea work with one another in the rumen; however, they have very different 
requirements and metabolisms that must be understood. 
Bacteria account for the largest portion of the rumen microbial biomass, ranging 
from 14 to 18 mg of bacterial dry weight per ml, with the bacteria being made up of 
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approximately 62.5% crude protein (CP; Russell, 2002). In a study utilizing cannulated 
Holstein cows on a 2 x 2 factorial design of diets high and low in ruminally degradable 
organic matter and rumen degradable protein (RDP), the bacterial fraction represented 
33% of the CP flow that reached the small intestine for absorption (Shabi et al., 2000). 
Due to the vast number of bacterial species identified in the rumen, they can be classified 
in various ways such as cell wall ultrastructure (gram negative or gram positive), 
morphology (cocci, rod, or spirilla), and size (Krehbiel, 2014). Additionally, they can be 
grouped by the type of substrate they ferment including cellulolytic, xylanolytic, 
amylolytic, pectinolytic, proteolytic, lipolytic, and lactate utilizers with many bacteria 
capable of utilizing multiple substrates effectively (Russell and Hespell, 1981). The 
predominant cellulolytic bacterial species we consider are Fibrobacter succinogenes, 
Ruminococcus albus, Ruminococcus flavefaciens (NASEM, 2016). The major proteolytic 
organisms of interest are Butyrivibrio fibrosolvens, Bacteroides amylophilus, and 
Prevotella ruminicola with the latter being the most widely distributed across ruminants 
(Wallace and Cotta, 1988). 
Both ciliated and flagellated protozoa have been isolated in the rumen, with the 
majority being ciliates (Hungate, 1966). Protozoa can account for as much as 50% of the 
rumen microbial biomass (Russell, 2002); however, because of their preference to isolate 
themselves within the reticulorumen, they only contribute approximately 11% of the CP 
flow that reaches the small intestine (Shabi et al., 2000). Protozoa have the ability to 
engulf and degrade both fibrous and nonfibrous carbohydrates (Williams and Withers, 
1991). The main nitrogen (N) supply to protozoa is through predation of ruminal bacteria, 
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and it is this protozoal predation which can decrease the overall efficiency of N use in the 
rumen (Firkins and Yu, 2006). 
Anaerobic fungi have been identified in the rumen, and it is estimated that they 
account for around 10% of the rumen microbial biomass (Russell, 2002; Krause et al., 
2013), with their existence being very dependent on the constituents of the diet. Orpin 
(1975) identified and described the 2-stage life cycle of fungi: that of a motile zoospore 
stage that would attach to the plant surface creating a mycelium layer giving rise to the 
sporangia which would release subsequent zoospores, and the cycle continues. Under an 
electron microscope, Bauchop (1979) examined rumen digesta of cattle and sheep on low 
quality, fibrous diets and denoted the widespread colonization of large numbers of fungal 
zoospores onto fibrous plant fragments within 2 h of exposure. Fungi’s ability to 
penetrate and disrupt plant fiber effectively allows them to serve as initial colonizers, 
thereby allowing access to secondary colonization of bacteria for greater degradation 
(Theodorou et al., 1988). 
Archaea are a very small portion of the rumen biomass, accounting for only 0.3 to 
3.3% of the microbial small subunit (16S and 18S) ribosomal ribonucleic acid (RNA; 
Janssen and Kirs, 2008). Methane, a major end-product of ruminal fermentation is 
produced by methanogenic Archaea. The hydrogenase activity present in methanogens 
can split hydrogen gas into H+ and electrons (Stewart, 1991) and using those electrons 
along with a slight electron contribution from formate (Hungate et al., 1970), reduce 
carbon dioxide to methane. Methanogens efficient hydrogen gas removal onto methane 
thereby eliminates the inhibitory effect of hydrogen gas on ruminal fermentation (Wolin, 
1979). 
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2.2.2    Ruminal Degradation of Protein 
Once dietary protein has become solubilized, ruminal protein degradation begins 
with the rapid adsorption of soluble proteins onto the ruminal microorganisms (Nugent 
and Mangan, 1981). Considering the salivary glands of ruminants do not produce 
proteolytic enzymes and the stratified squamous epithelium layer of the rumen is non-
secretory, it can be derived that ruminal proteolysis initiates with the activity of the 
microbes. Brock et al. (1982) demonstrated that 75% of the proteolytic activity taking 
place in the rumen was attributed to the particulate fraction (rumen solids) with the 
remainder associated with the ruminal fluid fraction (strained liquid portion) and that the 
specific proteinase activity of the bacterial portion was 6 to 10 times greater than that of 
the protozoal portion. Because dietary protein is often complexed with other nutrients 
such as carbohydrates, it takes a concerted effort from an array of microbial species to 
attach to and degrade nutrients completely. The major microbial species involved in 
proteolysis and the rate at which they act is still heavily diet-dependent (Nugent and 
Mangan, 1981; Hazlewood et al., 1983) and even animals housed together receiving 
identical treatments can have vastly different proteolytic populations (Wallace and Cotta, 
1988).The predominant bacterial species contributing to the breakdown of protein into 
subsequent oligopeptides includes high activity Bacteroides species as well as low 
activity Butyrvibrio and Selenomonas species if present in large quantities (Wallace and 
Brammall, 1985).  
The ensuing oligopeptides are then subjected to the biphasic peptide hydrolysis 
process resulting in smaller peptides and free AA. The majority of peptidase activity is 
aminopeptidase rather than carboxypeptidase in specificity, resulting in preferential 
cleavage from the N-terminus of peptides (Wallace and McKain, 1989). Utilizing 
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oligopeptides of alanine or glycine, the first step of peptide hydrolysis was characterized 
by Wallace et al. (1990) as the cleavage of dipeptides from the existing peptide chain by 
the enzyme, dipeptidyl aminopeptidase. In screening the most prevalent types of rumen 
bacteria, it was concluded that Prevotella ruminicola is the only bacteria with dipeptidyl 
aminopeptidase type I activity across the wide variety of potential oligopeptide substrates 
(Wallace and McKain, 1991). Unlike the very specific species that exhibit dipeptidyl 
aminopeptidase activity, many species of protozoa and bacteria exhibit dipeptidase 
activity, breaking apart dipeptides into free AA (Forsberg et al., 1984; Wallace and 
McKain, 1991). 
Both intact peptides and free AA can be taken up into the cellular materials of 
rumen microorganisms, however the results are unclear on whether one form’s uptake is 
more preferential. Wright (1967) demonstrated that peptides enter microbial cells at 
similar rates to AA and due to the constant competition for substrate material by 
microorganisms, Payne (1983) hypothesized that this may be due to energetics favoring 
the uptake of peptides rather than AA. In studying Prevotella ruminicola, six distinct AA 
uptake systems were identified with specificity of uptake being based on chemical 
structure of AA, as well as Streptococcus bovis having multiple sodium-dependent AA 
uptake systems (Stevenson, 1979; Russell et al., 1988b). If small peptides are taken up 
into microbial cells, then subsequent hydrolysis will occur producing AA. The fate of the 
AA intracellularly is dependent on the energy status and available adenosine triphosphate 
(ATP). If ATP is available, the AA are incorporated into microbial protein; however, if 
insufficient ATP is available, the AA will be deaminated thereby producing volatile fatty 
acids (VFA) and ammonia. 
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The final, and very rapid, step of protein degradation is the deamination of free 
AA into ammonia and carbon skeletons. Even as soon as 1 h after feeding, the 
concentrations of free AA in rumen fluid are very low, either being taken up by microbial 
cells or quickly deaminated (Leibholz, 1969). Though potentially wasteful, the larger 
portion of AA are broken down into ammonia N and reincorporated in microbial N rather 
than direct assimilation from amino N to microbial N (Al-Rabbat et al., 1971). The 
carbon skeleton remaining after deamination is metabolized to form a variety of VFA. 
Specifically, El-Shazly (1952) demonstrated that branched chain fatty acids originated 
from branched AA such as valine (Val), leucine (Leu), and isoleucine (Ile). Though in 
some situations it seems decarboxylation of AA to amines occurs first, often deamination 
of the AA followed by decarboxylation of the subsequent α-keto acid results in eventual 
production of butyrate, propionate, and acetate to be used as energy sources for ruminal 
microorganisms (Prins, 1977). Bacterial deamination was always thought to be carried 
out by a large quantity of varying bacteria with very low activity; however, Russell et al. 
(1988a) identified Peptostreptococcus and Clostridium species present in smaller 
numbers but capable of much greater activity, later to be termed ammonia-
hyperproducing bacteria.  
The studying of protein degradation in the rumen has become a strong research 
interest because of the greater efficiency of utilization that modulation could make. 
Theories on improvement have targeted ideas such as larger amounts of AA passing to 
the small intestine undegraded or the energy savings realized when AA are incorporated 
directly in microbial protein rather than be degraded to ammonia and then resynthesized. 
Experimental data identifying the step of protein degradation that is rate-limiting are 
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conflicting. Even shortly after the ruminal degradation of fraction I leaf protein in sheep, 
no peptides could be detected leaving Nugent and Mangan (1981) to postulate that the 
beginning stages of proteolysis must be the rate-limiting step. In a study using continuous 
culture fermenters supplied with a typical dairy ration, Cardozo et al. (2004) identified a 
sharp peak in AA N at 2 h post- feeding which signifies that microorganism uptake or 
deamination of AA was the rate-limiting step.  
2.2.3    Factors That Affect Ruminal Protein Degradation 
Identifying the percentage of protein provided to the small intestine either as MCP 
or as rumen undegradable protein (RUP) and the exact amount is very difficult to 
calculate in ruminants due to a variety of factors. The characteristics of a diet can have 
marked effects on ruminal proteolysis, which in turn shifts the makeup of the microbe 
population, not to mention the animal to animal variation seen even within identical 
treatments.  
Quite possibly the most important dietary factor in regards to protein degradation 
is the protein type and structure. If microbial proteases do not have access to 
hydrolysable sites on the peptide chain then degradation cannot occur.  It was long 
believed as a general rule of thumb that degradability was strongly correlated to solubility 
(Henderickx and Martin, 1963). Prolamins and glutelins represent the insoluble portion of 
seed protein and have much stronger resistance to degradation than that of globulins, a 
component of the soluble portion of zein (Romagnolo et al., 1994). Further investigation 
into other soluble proteins, such as albumin, still saw resistance to hydrolysis and 
Mahadevan et al. (1980) attributed this to the presence of numerous disulphide cross 
linkages providing a stabilizing effect. Not only can tertiary and quaternary protein 
structures play a role in degradation, but specific peptide bonds exist that have greater 
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resistance to degradation. Yang and Russell (1992) established that due to secondary 
structure formation dipeptides of lysine (Lys) and proline were degraded 5-fold slower 
than dipeptides of Lys and alanine while seeing similar trends when methionine (Met) 
replaced Lys. 
The nature of a diet alone can have a substantial impact on ruminal degradation, 
with fresh forages having higher rates of proteolysis than dried forages. Nugent and 
Mangan (1981) saw the rate of proteolysis increase 3 to 9-fold when feeding fresh 
Lucerne compared to a hay and concentrate diet, while Hazlewood et al. (1983) noted 
similar increases in the proteolytic activity hypothesizing that it was due to a marked 
increase in soluble protein. In multiple comparisons utilizing sheep consuming cereal 
grains versus dried forage, Siddons and Paradine (1981) always saw greater proteolytic 
activity on cereal grain diets. It should be noted that protein degradation in diets 
containing legumes high in condensed tannins is impaired due to the complex formed 
between condensed tannins and proteins restricting microbial activity (McSweeney et al., 
2001). 
The physical and chemical processing of feedstuffs can alter ruminal degradation 
of protein either positively and negatively. Many processes have been studied intensively 
as strategies to alter the site of degradation and absorption of AA specific to the animals 
needs. When utilizing a sorghum-based ration for finishing steers, Potter et al. (1971) 
displayed that reconstituting and steam flaking increased ruminal breakdown while 
micronizing (dry heating proceeded by loose rolling) decreased ruminal degradation 
when compared to dry grinding. Heat is applied in a variety of feed processing techniques 
and can prove beneficial in decreasing ruminal degradation without also inhibiting 
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intestinal digestibility, if the Maillard reaction can be controlled. Autoclaving raw 
cottonseed meal at 121° C for 60 min resulted in improved gains and feed efficiency in 
sheep compared to unheated cottonseed meal and meal autoclaved greater than 120 min 
signifying that an optimal window of heating exists (Sherrod and Tillman, 1964). 
Numerous chemical treatments have been used to increase N retention including 
formaldehyde and tannic acid with highly variable outcomes depending on protein type, 
chemical applied, and specie as reviewed by Chalupa (1975). Utilizing a physical coating 
or providing AA analogs as a method for greater ruminal bypass of protein will be 
discussed in a later section. 
Another factor affecting protein degradation was identified when Tamminga et al. 
(1979) showed that in cannulated dairy cows, the flow of N into the small intestine 
relative to the N ingested from the diet was higher when greater levels of intake were fed. 
This observation can be explained as decreased ruminal degradation of dietary N because 
of an increased passage rate at higher levels of feed intake. This was confirmed by 
Ørskov and McDonald (1979) using rate kinetics to again prove that ruminal protein 
degradation was inversely related to passage rate in the rumen. 
Feeding regimens that induce acidotic bouts can significantly alter the operating 
pH of the rumen and effect rumen function. Using an artificial rumen to maintain 
constant pH levels, it was shown that across pH levels of 7.0 to 5.0 the amount of 
ammonia and α-amino N, as well as protease and deaminase activity continually 
decreased with decreasing pH (Erfle et al., 1982). Understanding that both the pH of the 
rumen as well as the type of substrate being fermented can have an effect on protein 
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degradation illustrates that there is a shift in the predominant microbial population 
present in the rumen, both proteolytic and otherwise. 
Furthermore, protein degradation can be halted or slowed if the other nutrients, 
such as fiber and carbohydrates, are not accessed by enzymes and properly degraded 
simultaneously. In forages, the protein is often found complexed in a fiber matrix that 
must first be degraded itself before rumen microbes can gain access and start degradation 
of the actual protein. Kohn and Allen (1995) noted that in an in vitro experiment the 
solubility of N in lucerne hay increased from 52.2 to 62.9% when proteases and 
cellulases were added in concert, rather than proteases alone. It could be hypothesized 
that the reduction in ruminal pH can alter the predominant microbial species and their 
fiber degrading abilities, inadvertently not allowing protease access to feed proteins and 
impairing protein breakdown. Additionally, Assoumani et al. (1992) reported that when 
feedstuffs had greater than 23% starch, the addition of amylases along with proteases 
resulted in significant increases in ruminal proteolysis. 
The last factor to be discussed in a list that is surely not all inclusive is the 
inexplicable variation seen between animals. In multiple studies executed by Wallace et 
al. (2000) and Falconer and Wallace (1998), sheep that were of similar weights fed on 
similar diets and housed beside each other allowing free contact and exchange of 
microbial populations still exhibited substantial variation in proteinase activity and 
evidence of major bands on a proteinase zymogram.  
2.2.4    Microbial Protein Synthesis 
Microbial protein flow from the rumen to the lower part of the digestive tract can 
represent anywhere from 50 up to 85% of the total absorbable protein (NRC, 1985; Storm 
and Ørskov, 1983). The total amount of MCP produced in the rumen depends on nutrient 
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availability, both carbohydrates and proteins, as well as the efficiency at which the 
nutrients are utilized by the microbes. Microbial protein synthesis (MPS) requires the 
supply of energy rich substrates to generate ATP required for maintenance and growth, as 
well peptides, AA, and ammonia to be incorporated in MCP. 
Often the limiting factor in MPS is the availability of energy from fermentation 
with its rate of production similar to the rate at which the microbes can utilize it. Lewis 
and McDonald (1958) and Phillipson et al. (1962) revealed that the non-structural 
carbohydrates (sugars and starches) were efficient in decreasing ruminal ammonia 
concentrations by increased MPS; subsequently, Stern et al. (1978), identified that having 
greater ratios of structural carbohydrates (pectins, cellulose, and hemicellulose) compared 
to non-structural carbohydrates actually increased ammonia concentrations thereby 
decreasing MPS. Russell et al. (1992) separated the rumen microbes into 2 groups, those 
that ferment structural carbohydrates, grow slowly, and use ammonia as a primary N 
source, and those that ferment non-structural carbohydrates, grow rapidly, and utilize 
ammonia, AA, and peptides as a N source.  
The factors affecting ruminal protein degradation that were previously discussed 
also have serious implications on the synthesis of MCP moving forward. Ammonia is 
often referred to as the central point of protein metabolism, not only as the final product 
of feed protein degradation, but also the primary source of N incorporation in 82% of 
ruminal bacteria (Bryant and Robinson, 1962). Satter and Slyter (1974) suggested a 
comfortable concentration of 50 mg ammonia-N/L was adequate to support normal 
growth rates of ruminal bacteria. Though it is clear that ammonia is imperative for MPS, 
the question that still has not been fully answered is when are peptides and AA required 
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and do they improve the efficiency of MPS. The presence of peptides, AA, or the 
combination of both in culture media compared to ammonia have shown to increase total 
bacterial counts (Cruz Soto et al., 1994); however, the efficiency of microbial growth has 
been shown unaffected when peptides and AA were supplied in addition to ammonia 
(Neutze et al., 1986). Our knowledge was greatly increased when Chen and Russell 
(1989) identified two strains of ruminal bacteria that utilized peptides and AA as their 
sole energy source. The free AA resulting from the degradation of dietary protein can 
possibly be incorporated directly into MCP but also serves as available carbon skeletons 
for energy production or assimilation of different microbial AA. It was demonstrated by 
Atasoglu et al. (2004) that ruminal microorganisms have the greatest difficulty 
synthesizing phenylalanine (Phe), Leu, and Ile with the belief that it is due to the 
challenges of creating the carbon skeletons required for the production of those AA. In 
the same set of experiments, using sheep ruminal fluid and labeled C and N, Lys had high 
incorporation of both C and N suggesting that it also might limit microbial growth. 
By increasing feed intake to ruminants, the maintenance costs of the ruminal 
microbes should be decreased because they spend less time in the rumen. Webster et al. 
(2003) used castrated male sheep to demonstrate that microbial N supply would increase 
across varying levels of N degradability when intake was increased from maintenance to 
twice maintenance. Singh et al. (2007) confirmed these findings of a linear increase in 
microbial N supply by increasing intake; however, when calculating microbial N supply 
per kg of digestible organic matter there was no difference across levels of intake. Some 
high concentrate diets with elevated starch concentrations could promote increased intake 
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and still result in decreased efficiency of MPS because of the energy spilling to maintain 
rumen pH levels.  
In theory, rumen synchrony and the availability of fermentable energy and 
degradable N at the same time should maximize MPS. It has been shown that MCP flow 
has been increased by synchronicity of the diet, whether it be by changing the amount or 
type of dietary ingredient or altering the frequency of feeding (Herrera-Saldana et al., 
1990; Sinclair et al., 1993, 1995); however, it is not possible to identify if the increase in 
MPS is truly due to synchronicity or due to ingredient characteristics. Synchronous 
supply of nutrients is feasible in concept, though it is highly unlikely that when supply is 
synchronized for a certain subpopulation of microbes that it is also synchronized for all 
the other subpopulations simultaneously. Even when the N supply is not synchronized, it 
is possible that the recycling of N back into the rumen can stabilize and progress 
microbial growth (Bach et al., 2005). For example, when grazing fresh pasture with high 
levels of soluble sugars compared to lower levels of protein degradation products, 
ruminal bacteria can retain starch (up to 75% of cell dry matter) until a time when 
recycling brings an influx of N products back to be utilized (Stewart et al., 1981). 
The supplementation of fat in ruminant diets can have contrary effects on MPS 
when comparing direct and indirect modes of influence. The negative effects that fat 
supplementation has on MPS directly include decreased ruminal fermentation and 
reduced digestion of organic matter (Zinn, 1989), as well as shifting the site of digestion 
from the rumen to the hindgut (Boggs et al., 1987). Fat supplementation has also been 
shown to seriously reduce protozoal numbers (Ikwuegbu and Sutton, 1982; Tesfa, 1993), 
which are often energy wasting through their predation of ruminal bacteria. 
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The NRC adopted the simplified equation set forth by Burroughs et al. (1974), 
where MCP synthesis averaged 13% total digestible nutrients (TDN) and added their own 
adjustment factor for diets containing less than 20% physically effective neutral detergent 
fiber (peNDF; NRC, 1996, 2000). The requirement for RDP is directly related to MCP 
production. The current Beef Cattle Nutrient Requirements Model (BCNRM) has 
maintained that the requirement for RDP is equal to MCP production. Even when 
considering the recycled N that returns to the rumen, the efficiency is not truly 100% due 
to ammonia being absorbed through the rumen and RDP that escapes the rumen prior to 
degradation (NASEM, 2016). Galyean and Tedeschi (2014) performed a meta-analysis 
utilizing treatment means from 66 studies to formulate updated MCP prediction equations 
regressed on TDN intake as well fat-free TDN. 
Ruminal microbes are capable of synthesizing de novo, not only the nonessential 
AA (NEAA) but also the essential AA (EAA) that ruminant tissues are not able to 
produce. Storm and Ørskov (1983) designed a method to quantify the AA composition of 
large-scale produced whole rumen contents and since then, both Clark et al. (1992) and 
Sok et al. (2017) have compiled databases of the average AA composition of MCP in 
ruminant animals exposed to various dietary treatments. A table containing the AA 
compositions from those manuscripts in comparison to cattle milk protein and cattle 
muscle protein can be found below (Table 2.1). As indicated by the table, the AA 
composition is very similar across studies signifying the stable AA output in MCP 
regardless of the variety of feedstuffs consumed. What may be of even greater 
importance is the resemblance that milk and muscle have with microbial protein, thus 
signifying the value that MCP contributes to livestock production.  
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Table 2.1. Comparison of the amino acid profile of microbial protein, milk, and muscle 
 g of AA/100 g of AA  
AA 
Storm and 
Ørskov, 
1983 
Clark et al., 
19921 
Sok et al., 
2017 Milk2 Muscle2 
Alanine 
Arginine 
Aspartic Acid 
Cysteine 
Glutamic Acid 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine 
7.28 
4.95 
11.84 
1.37 
12.72 
5.63 
1.94 
5.53 
7.86 
7.67 
2.52 
4.95 
3.59 
4.47 
5.63 
1.23 
4.76 
6.02 
7.06 
4.99 
12.10 
1.01 
13.49 
5.22 
1.72 
5.50 
7.53 
8.22 
2.50 
5.52 
3.87 
4.41 
5.26 
1.66 
4.53 
5.40 
6.47 
4.72 
11.99 
1.67 
13.02 
5.22 
1.88 
5.71 
7.93 
8.10 
2.29 
5.43 
3.74 
4.43 
5.34 
1.18 
5.18 
5.71 
3.8 
4.0 
8.5 
1.0 
23.0 
2.2 
3.0 
5.6 
10.2 
8.2 
2.9 
5.4 
9.4 
5.9 
5.0 
1.4 
4.5 
7.4 
6.4 
6.7 
9.6 
1.3 
17.3 
5.6 
3.7 
5.1 
8.0 
9.1 
2.7 
4.5 
5.1 
4.5 
4.6 
1.3 
3.8 
5.3 
1Cysteine and Tryptophan concentrations were added using Sok et al., 2017 values and 
concentrations were adjusted to yield a sum of 100 g of AA/100 g of AA 
2Adapted from Ørskov, 1992 
 
2.2.5    Nitrogen Recycling 
Ruminal ammonia that is not incorporated into MCP or escapes the rumen 
flowing to the small intestine is subjected to absorption across the rumen epithelium into 
the portal vein heading to the liver, first demonstrated in sheep by McDonald (1948). 
Absorption of ammonia across the rumen wall has been identified to occur via passive 
diffusion down the concentration gradient but is also affected by pH (Hogan, 1961). At 
physiological pH most ruminal ammonia is present in the protonated form, ammonium, 
and must be deprotonated at the gut wall to cross into the epithelial cells before being re-
protonated on the other side, unless transport cofactors such as bicarbonate or VFA are 
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available that can take the protonated form directly across (Parker et al., 1995). The 
subsequent ammonia removed from the portal vein by the liver can either be detoxified to 
urea or converted to glutamate for glutamine synthesis (Parker et al., 1995; Nieto et al., 
2002). 
The urea produced in the liver can either be excreted out of the body in urine or 
recycled back to the gut via direct transfer across the rumen wall or secretions in saliva. It 
has been estimated that between 40 and 80% of the urea-N synthesized in the liver is 
returned to the gut, and of that approximately 35 to 55% is involved in further N 
transactions (Lapierre and Lobley, 2001). Bacterial urease activity has been shown to be 
more concentrated at the rumen epithelium, aiding in the transfer of blood urea-N (BUN) 
by the hydrolysis of urea to the more easily diffusible ammonia (Bunting et al., 1989). 
The resulting ammonia present in the rumen re-enters the ammonia pool for use in MCP 
synthesis or can once again be absorbed across the rumen wall. 
If the two-stage ammonia removal system of the liver cannot metabolize ammonia 
at the rate that it is being absorbed then it could potentially reach systemic circulation and 
toxicity will occur. Experimentally induced ammonia toxicity was observed in cattle 
when circulating ammonia exceeded 0.8 mmol/L denoted by definite muscle tetany 
(Davidovich et al., 1977; Symonds et al., 1981). The symptoms of toxicity, as compiled 
by Chalupa (1968), include respiratory problems, extreme salivation, muscle tremors, 
incoordination, and possible death hours after the initial onset of symptoms. Ammonia 
toxicity can occur when diets include too large a percentage of non-protein nitrogen 
(NPN) or rapidly degradable protein and the amount of ammonia reaching the liver 
cannot effectively be detoxified. 
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Many studies have designed diets in an attempt to provide synchrony between 
carbohydrate fermentation and protein degradation to optimize availability of energy and 
N for MPS; however, Cabrita et al. (2006) summarized results pertaining to dairy cows 
and showed rather contradictory and inconsistent results across studies in terms of 
benefits towards MCP synthesis and milk production response. On the contrary, some 
scientists have taken the approach of providing asynchronous energy and N supplies to 
the rumen to increase N retention and lower N excretion by relying on N recycling 
(Archibeque et al., 2007a). Infrequent protein supply (McIlvain and Shoop, 1962; 
Coleman and Wyatt, 1982) and oscillating dietary protein concentration (Cole et al., 
2003; Archibeque et al., 2007b) showed minimal negative effects on feedlot performance 
or N metabolism in beef steers. In growing wethers, oscillating dietary protein 
concentration increased N retention, which can be attributed to the recycling of urea to 
the rumen to provide N for MCP synthesis on days when protein was not fed or protein 
concentrations were low (Archibeque et al., 2007a). Paquay et al. (1972) identified a 
labile portion of protein reserves that is capable of greater N retention on days when 
protein is fed and then becoming available and rapidly degradable after reduction in 
dietary protein consumption such as on days when animals are not fed.  
Intraruminal recycling of N can also occur due to the proteolytic nature of certain 
ruminal microbes resulting in reduced outflow of MCP and increased ammonia pools 
within the rumen. It has been shown that up to 50% of MCP produced can be turned over 
via degradation and resynthesized prior to passing on to the lower gut for host utilization 
(Wells and Russell, 1996; Oldick et al., 2000). Ruminal N turnover can be caused by a 
variety of factors including protozoal predation of bacterial protein, bacterial autolysis, 
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and bacteriophage attack (Wells and Russell, 1996). It is often thought that ruminal N 
turnover is predominantly due to protozoal predation, as indicated by bacterial lysis in 
ruminal fluid with or without protozoa present (Wallace and McPherson, 1987); however, 
defaunation was shown to have no effect in vivo on intraruminal recycling in sheep fed a 
forage-concentrate diet (Koenig et al., 2000). 
2.3 Amino acids 
2.3.1    Estimation of Amino Acid Requirements 
Livestock require AA not only for their obvious role in protein synthesis, but also 
to be utilized in a plethora of metabolic processes ranging from immune function to the 
synthesis of nucleotides and hormones. The variety of roles only emphasizes that 
supplying a proper AA profile for absorption will both optimize production (meat, milk, 
and eggs) as well as improve health and fertility to ensure profitability and longevity. The 
20 AA can be split into those that are not synthesized by animal tissues in adequate 
quantities or at all and must be provided, termed EAA, and those which can by 
synthesized de novo in sufficient quantities, called NEAA. The 10 EAA include arginine 
(Arg), histidine (His), threonine (Thr), tryptophan (Trp), Ile, Leu, Lys, Met, Phe, and Val. 
For both poultry (NRC, 1994) and swine (NRC, 2012) an ideal dietary AA profile 
for meeting maintenance and growth requirements has been defined; however, it has yet 
to be established in dairy or beef cattle. Simple feed and weigh trials were used to more 
easily establish monogastric requirements because the AA constituents of the diet are 
exactly what the animal will have access to for absorption and utilization. The unique 
challenges that ruminant nutritionists face in determining an ideal dietary AA profile will 
be discussed later in this section.  The dairy NRC (2001) presented preliminary dose-
response curves relating milk protein and milk yield responses to changes in predicted 
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percentages of Met and Lys in metabolizable protein (MP). The initial dose-response 
curves serve as a solid baseline for our knowledge, however the compilation of more 
recent work is still necessary for the refinement of those relationships. Even less data is 
currently available on an ideal dietary AA profile in beef cattle for maintenance, growth, 
and lactation requirements. If the diet being fed allows for an optimal AA profile to arrive 
at the small intestine, there are potential economic and environmental savings through 
reducing overall CP levels required (Von Keyserlingk et al., 1999). Additionally, it has 
been illustrated that supplying an imbalanced AA profile at the small intestine can cause 
certain AA to exhibit antagonistic effects on each other, such as excess Leu impairing 
Lys absorption (Johns and Bergen, 1973). 
There are many challenges that ruminant nutritionists must deal with in their 
attempt to supply the ideal AA profile to an animal. First, as reiterated by Schwab (2012), 
the ideal profile for maintenance, growth, pregnancy, and lactation will vary and 
therefore animals at different stages of production or in different physiological states will 
likely all have somewhat varied requirements. Another factor to overcome in diet 
formulation is that the AA profile that reaches the small intestine is often highly 
contrasting, in both quantity and constituents, compared to the dietary AA supply because 
the RDP fraction is exposed to rumen fermentation and the resulting MCP synthesis 
(Merchen and Titgemeyer, 1992). Feed intake should also be considered because of its 
effect on passage rate and subsequent changes in RDP/RUP proportions as well as the 
inherent errors in calculation that might occur when diets are formulated to specific AA 
concentrations and actual intake is misevaluated (Vyas and Erdman, 2009). Furthermore, 
typical U.S. dietary ingredients often exhibit an AA profile that is neither perfectly 
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complimentary to MCP nor identical to the AA composition of milk protein or lean 
tissue, therefore precise supplementation must be applied. 
Dating back to when Schwab et al. (1976) used corn-based rations with no protein 
supplementation, Lys and Met have often been identified as the most limiting EAA for 
dairy cattle (NRC, 2001). Preliminary work was completed using duodenal and abomasal 
infusion of specific AA or combinations of AA confirmed by later work using ruminally 
protected Lys (RPLys) and ruminally protected Met (RPMet). Determining if an AA was 
in fact limiting or not was done so by looking at changes in milk production, weight 
gains, and N retention. Additionally, trials delivering intestinal AA supplementation via 
the reflex closure response of the reticular groove have been conducted in weaned calves 
(Abe et al., 1997, 1998). The determination of which AA is most limiting often depends 
on their relative concentrations in RUP (NRC, 2001). Lysine was determined to be first 
limiting when diets consisting primarily of corn or corn-based coproducts provided RUP 
to lactating dairy cows (King et al., 1991; Polan et al., 1991; Schwab et al., 1992). 
Alternatively, Met was identified as first limiting in lactating dairy cows when diets 
consisted of less corn products, greater forage levels, or when RUP was represented 
primarily by soybean products or animal-based proteins (Schingoethe et al., 1988; 
Armentano et al., 1997; Rulquin and Delaby, 1997). Additional studies outlining Lys and 
Met as the most limiting AA in post-weaned dairy calves and growing dairy cattle can be 
found in the NRC (2001) as well as studies conducted more recent than that listed by 
Schwab and Broderick (2017). 
It has been demonstrated that when ruminally synthesized MCP acts as the sole 
source of protein, Met, Lys, and Thr were the first three limiting (in that order) AA for 
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both growing cattle (Richardson and Hatfield, 1978) and growing sheep (Nimrick et al., 
1970). Furthermore, a study by Storm and Ørskov (1984) determined Met was the most 
limiting AA with slightly greater increases in N retention when Lys, Arg, and His were 
provided. In one of very few studies looking at N retention in growing beef steers, Met 
infusion increased N retention by 17% compared to controls; however, retention was 
boosted significantly when a combination of all EAA were infused, signifying that Met 
was indeed the most limiting AA but only slightly more limiting than several other EAA 
(Titgemeyer and Merchen, 1990). All evidence presented prior goes to show that limiting 
AA requirements differ across metabolic processes and where an animal is at in the 
production cycle, as well as the need for emphasis to be placed on what the AA profile of 
the RUP fraction of the diet is. Considering Met is often the limiting AA in cattle, the 
remainder of this literature review will be focused specifically on Met, establishing the 
foundation of knowledge gained from work on the dairy side, and how it can potentially 
gain traction in the beef sector. 
2.3.2    Methionine Metabolism 
Methionine is one of four sulfur-containing AA, and along with choline, one of 
the two which are incorporated into proteins (Brosnan et al., 2007a). The functional 
group of Met contains a terminal methyl group covalently bonded to a sulfur atom. Sulfur 
belongs to the same group of the periodic table as oxygen giving them similar properties; 
however, sulfur’s lower electronegativity and the terminal methyl group is what makes 
Met one of the most hydrophobic AA (Brosnan and Brosnan, 2006). In fact, more than 
two thirds of Met residues can be found buried in the hydrophobic core of globular 
proteins, with up to one third of them being located on the protein’s surface. Met residues 
which are located on the surface are susceptible to oxidation by reactive oxygen species 
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(ROS) and have often been shown to be strategically located in clusters around active 
sites to prevent ROS access inside. Thus, a cycle occurs where Met is oxidized by 
hydrogen peroxide to Met sulfoxide and then reduced by nicotinamide adenine 
dinucleotide phosphate (NADPH) back to Met, indicating the possibility of Met serving 
as an antioxidant defense (Levine et al., 1996). Methionine also serves as the first AA in 
the synthesis of eukaryotic proteins, with its role believed to be more for initiation of 
translation rather than structural (Brosnan et al., 2007a). 
Methionine metabolism (depicted in Figure 2.1) can be divided into 
transmethylation, remethylation, and transsulfuration pathways. The central intermediate 
of Met metabolism and the first product of the transmethylation pathway is S-
adenosylmethionine (SAM), which is catalyzed by the enzyme Met adenosyltransferase 
(Finkelstein, 1990). Via SAM-dependent methyltransferases, SAM donates its terminal 
methyl group to an acceptor forming S-adenosylhomocysteine (SAH), which is 
hydrolyzed to form homocysteine and adenosine, marking the end of the transmethylation 
pathway. At this point homocysteine has two fates, either be remethylated to form Met 
and complete the cycle or the conversion to cysteine via the transsulfuration pathway 
(Clarke and Banfield, 2001). 
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Figure 2.1. Outline of methionine metabolism 
 
 
 
 
 
 
 
 
 
 
 
 
S-adenosylmethionine was first identified by Cantoni (1953) where it served as 
the methyl donor for the production of creatine from guanidioacetate. This essential 
biological methyl donor is the second most widely used enzymatic substrate behind ATP 
(Cantoni, 1975) and its versatility lies in its sulfonium ion and the electrophilic 
characteristics of the carbon atoms adjacent to the sulfur atom (Brosnan and Brosnan, 
2006). The liver serves as the predominant organ where the Met cycle takes place, 
signifying its major role in overall methyl balance (Stead et al., 2006). S-
adenosylmethionine participates in endless methylation reactions that serve functions in 
the synthesis of small molecules (creatine, phosphatidylcholine, epinephrine), 
modification of macromolecules (protein, deoxyribonucleic acid (DNA), RNA), 
detoxification of xenobiotics (thiols, arsenite), and inactivation of neurotransmitters 
Adapted from Brosnan et al., 2007a 
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(epinephrine, norepinephrine, dopamine) among other roles (Brosnan et al., 2007b). In 
total, a large percentage of SAM utilization as a methyl donor is in the synthesis of 
creatine, the synthesis of phosphatidylcholine, and as an overflow pathway for Met 
catabolism (Brosnan et al., 2007a). In addition to serving as a methyl donor, SAM can 
also serve as a source of methylene groups (in the synthesis of cyclopropane fatty acids), 
amino groups (in the biotin synthesis pathway), ribosyl groups (in the synthesis of 
queuosine, a modified transfer RNA nucleoside), aminoacyl groups (as a precursor to the 
plant hormone ethylene and in the synthesis of polyamines), and as 5’-deoxyadenosyl 
radicals (as a source of controlled free radicals) (Fontecave et al., 2004). 
When Met concentrations become extremely high glycine N-methyltransferase 
(GNMT) serves as a high capacity transmethylation system methylating glycine to form 
sarcosine (Yeo and Wagner, 1994). The GNMT enzyme has a high Km for SAM and is 
not responsive to the negative inhibition of high SAH concentrations like most 
methyltransferases. The resulting sarcosine can be oxidized by sarcosine dehydrogenase 
in the mitochondria to regenerate the glycine, thus serving as a cycle to maintain proper 
SAM/SAH balance (Heady and Kerr, 1973). Additionally, a Met transamination pathway 
independent of SAM has been described as an alternative catabolic cascade when very 
high Met concentrations occur. In transamination, Met proceeds through two breakdown 
products before becoming methanethiol which is eventually oxidized to carbon dioxide 
and sulfate. The transamination pathway’s production of methanethiol is believed to be 
responsible for Met toxicity; however, at physiological conditions the influence of such a 
pathway may still be minor (Cooper, 1983).  
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Transmethylation concludes with the reversible hydrolysis of SAH forming 
adenosine and homocysteine (Brosnan and Brosnan, 2006). Homocysteine is 
remethylated to Met, and thus the carbon skeleton is conserved, by either 5-
methyltetrahydrofolate-homocysteine methyltransferase or betaine-homocysteine 
methyltransferase (Finkelstein, 1990). The ubiquitous 5-methyltetrahydrofolate-
homocysteine methyltransferase utilizes 5-methyltetrahydrofolate as the methyl donor 
and is actually generated via the one-carbon pool (methylneogenesis) which aids in 
preventing a shortage of labile methyl groups even when the diet is lacking in methyl 
donors. Betaine-homocysteine methyltransferase is primarily located in the liver and 
kidney using betaine as the methyl donor and serving as the only means for the 
degradation of betaine produced in choline metabolism (Brosnan et al., 2007a).  
If labile methyl group concentrations are high then remethylation will be reduced 
and a greater amount of homocysteine will be catabolized via transsulfuration (Mudd and 
Poole, 1975). If homocysteine is committed to transsulfuration, cystathionine-β-synthase 
catalyzes the condensation of homocysteine and serine to produce cystathionine which is 
subsequently cleaved to form cysteine and α-ketobutyrate by cystathionine-γ-lyase 
(Brosnan et al., 2007a). Both cystathionine-β-synthase and cystathionine-γ-lyase require 
pyridoxal phosphates as cofactors (Kimura and Nakagawa, 1971). The transsulfuration 
pathway is an irreversible process with high activity only found in the liver, kidney, small 
intestine, and pancreas. Cysteine is provided for glutathione biosynthesis in both normal 
and glutathione-depleted conditions (Beatty and Reed, 1980) as well as a precursor to 
taurine among other metabolites.  
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Proper Met metabolism is dependent on an adequate supply of B vitamins in the 
diet. 5-methyltetrahydrofolate-homocysteine methyltransferase is one of only two known 
mammalian enzymes that utilizes methylcobalamin (Vitamin B12) as a prosthetic group. 
The folic acid (Vitamin B9) 1-carbon pool supplies methyl groups, as 5-tetrahydrofolate, 
for remethylation. Methylenetetrahydrofolate reductase is the enzyme that catalyzes the 
production of 5-tetrahydrofolate and contains FAD (derived from riboflavin, Vitamin B2) 
as a prosthetic group. Both enzymes involved in the transsulfuration pathway rely on 
pyridoxal phosphates (Vitamin B6 derived) as their prosthetic group (Brosnan et al., 
2007a). 
2.3.3    Methods of Ruminal Protection for Amino Acids 
When balancing diets for AA supply to the small intestine of high producing 
animals, it is very unlikely that the RUP fraction will contain high enough concentrations 
of Met and Lys to optimize the AA balance. This deficit encouraged a surge of interest 
towards ruminally protected AA (RPAA), specifically targeting the provision of first 
limiting AA within a realistic feed intake (Kamalak et al., 2005). The task of designing 
successful synthetic RPAA is not easy because strong resistance from ruminal 
degradation must exist while still allowing excellent intestinal release and absorption all 
in a form that can remain stable in pelleted form, liquid form, or in high-moisture, low 
pH total mixed rations (TMR; Kung and Rode, 1996). 
Early attempts in the 1960’s and 1970’s to design RPAA were successful in 
providing some Met escape from ruminal degradation but intestinal digestibility suffered 
as a result (Schwab and Broderick, 2017). Work beginning in the late 1980’s and dating 
up to our current efforts involve rumen protected products that fit into one of three 
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categories: 1) encapsulation with lipids, 2) encapsulation with ruminally inert, pH-
sensitive materials, and 3) synthesis of AA analogs and derivatives (NRC, 2001). 
The initial push in RPAA involved the use of fats and oils in combination with 
inorganic materials providing a readily available and easily approved product. The first 
RPAA product experimented with was made by Delmar Chemicals and was composed of 
20% DL-Met, 20% kaolin, and 60% tristearin which formed the lipid outer layer 
(Schwab, 1995). After testing this product, Neudoerffer et al. (1971) confirmed that only 
60 to 65% of the Met became available for intestinal absorption and refinement was 
necessary. Many Met products thereafter were designed and tested to find the right 
balance of ruminal escape and intestinal release, however it wasn’t until Mepron (Evonik 
Industries, Essen, Germany) that a commercial product was available. Mepron contains 
85% DL-Met in a slow release product designed with a DL-Met/starch core coated in 
several layers of stearic acid and ethylcellulose (Schwab, 1995). Met-Plus (Nisso, United 
States) is another more recent lipid-protected Met product containing 65% DL-Met at the 
core of preserved calcium salts of long-chain fatty acids (Schwab and Ordway, 2003). 
Encapsulation with a ruminally inert, pH-sensitive material provides a rumen-safe 
product that is independent of digestive enzyme function and therefore not affected my 
extended residence time in the rumen. The coating of such products is insoluble at neutral 
pH (=5 to 7), such as that in the rumen, but become soluble at acidic pH (=2 to 3), like in 
the abomasum, allowing for subsequent absorption in the small intestine (Schwab, 1995). 
Such technology appears to still remain as effective as any available product in regards to 
bioavailability, as evidenced by a trial performed by Blum et al. (1999) where the coating 
resulted in the greatest increase of Met concentrations in the blood. The commercially 
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available Met product in this form is Smartamine (Adisseo Inc., Antony, France) which 
contains at least 70% DL-Met (Schwab and Ordway, 2003). 
Providing AA analogs or AA derivatives have become a recent focus as an 
alternative method to encapsulation in effectively providing RPAA. Amino acid analogs 
substitute the α-amino group with a non-nitrogenous group and AA derivatives have a 
blocking group added to the α-amino group or modify the acyl group, both with the intent 
of preventing ruminal degradation (Schwab, 1995). Many Met analogs and derivatives 
have been experimentally tested for their resistance to ruminal destruction, compiled 
graphically by Loerch and Oke (1989) categorizing the varied levels of ruminal 
protection achieved. The most widely studied Met analog is Met hydroxy analog (MHA: 
DL-α-hydroxy-γ-mercaptobutyrate) more accurately named 2-hydroxy-4-
(methylthio)butanoic acid (HMTBa). 2-hydroxy-4-(methylthio)butanoic acid has been 
shown to be more resistant to rumen microbial degradation than free Met in studies 
observing less bacterial cell incorporation (Belasco, 1972, 1980) and slower 
disappearance of labeled HMTBa than free Met (Patterson and Kung, 1988). 2-hydroxy-
4-(methylthio)butanoic acid has been shown to be absorbed across both ruminal and 
omasal epithelium via mediated transport and passive diffusion (McCollum et al., 2000) 
as well as Met esters of MHA being capable of passing through the rumen wall (Ayoade 
et al., 1982). The enzymes required for post-absorptive conversion of HMTBa to the α-
keto acid of the analog and then deamination to L-Met (the naturally occurring isomer) 
have been identified in ruminants (Papas et al., 1974; Belasco, 1972, 1980). In two 
studies performed by Koenig et al. (1999, 2002) the amount of HMTBa that escaped 
ruminal degradation and was absorbed were 50 and 40% respectively. Alternatively, 
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experiments by Langar et al. (1978) and Jones et al. (1988) using HMTBa recovered little 
to none of the analog in duodenal digesta. Additionally, many studies where HMTBa was 
fed resulted in no significant increases in blood Met concentrations, with the reasoning 
behind it unknown. (Polan et al., 1970; Papas et al., 1974; St-Pierre and Sylvester, 2005). 
Due to the production responses that have been seen when feeding MHA, along with the 
additional antioxidant effects and organic acid properties of HMTBa, several products are 
commercially available. Two liquid analog products are available, Alimet (Novus Int., 
Inc. St Louis, MO) and Rhodimet AT88 (Adisseo Inc., Antony, France), as well as two 
dry forms, MFP (Novus Int., Inc. St Louis, MO) and MetaSmart (Adisseo Inc., Antony, 
France). 
2.3.4    Responses to Ruminally Protected Methionine Supplementation 
The production changes in ruminants resulting from RPMet supplementation have 
been evaluated using predominantly lactating dairy cattle as well as some growing dairy 
cattle, with the supplementation in beef cattle still very novel. Initial dose-response 
curves to supplementation of metabolizable Met were constructed by Rulquin et al. 
(1993) to display production improvements in milk yield, milk protein content and yield, 
and milk fat content and yield; however, changes were sometimes inconsistent or 
negligible. The variation seen in production responses can be attributed to factors such as 
unexpected limiting AA in varying diets (Varvikko et al., 1999), the stage of lactation 
(Socha et al., 2008), length of RPMet supplementation prior to data collection (St-Pierre 
and Sylvester, 2005), and maybe most importantly the RPMet source utilized and its 
relative bioavailability. 
After compiling early knowledge on the postruminal supplementation of RPMet 
and RPLys to dairy cows, the following facts were summarized: 1) milk protein yield is 
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more sensitive to supplementation than milk yield, 2) the casein fraction of milk protein 
is most greatly influenced by supplementation, 3) milk yield responses are more likely in 
early lactation than in mid or late lactation, and 4) responses to supplementation are 
greater when concentrations of Met and Lys in RUP are low rather than high, when RUP 
intake is high rather than low, and in high producing rather than low producing cows 
(Rulquin et al., 1993; Schwab, 1995). 
In the most recent meta-analysis of lactational performance in dairy cows 
receiving supplemental Met, Zanton et al. (2014) compiled a database of 64 papers where 
either postruminally infused DL-Met (9 papers), HMTBa (17 papers), Mepron (18 
papers), or Smartamine (20 papers) supplementation was compared to controls. Relative 
bioavailability and thus the contribution to metabolizable Met was set at 40, 75, 80, and 
100% for HMTBa, Mepron, Smartamine, and infused DL-Met, respectively. Across all 
Met sources, an increase in milk protein yield of 2.23 g of protein/g of metabolizable Met 
was realized until reaching the breakpoint of 65.0 g of metabolizable Met/d. This is 
consistent with previous models where it was shown that milk protein response to 
increases in metabolizable Met approach more marginal efficiencies up until the 
requirement for the AA is met (Doepel et al., 2004; Vyas and Erdman, 2009). All Met 
sources resulted in increased milk fat yield with increasing metabolizable Met; however, 
results were more inconsistent than for milk protein yield. Regression analysis displayed 
an increase in milk fat yield of 1.87 g of fat/g of metabolizable Met for all sources other 
than HMTBa, with HMTBa seeing a significantly higher response of 5.38 g of fat/g of 
metabolizable Met (Zanton et al, 2014).  
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The weighted analysis of production responses in the meta-analysis by Zanton et 
al. (2014) was used to detect response differences between the various products. Cows 
supplemented with Smartamine had significantly greater dry matter intake (DMI) while 
cows receiving Mepron had significantly lower DMI compared to controls. Milk yield 
did not significantly respond to Met supplementation for any products; however, HMTBa 
and Mepron saw numerical increases in milk yield. Milk protein yield increased 
significantly compared to controls across all Met sources, ranging from 13 g of milk 
protein/d for HMTBa supplemented cows to an increase of 35 g of milk protein/d for 
Mepron. 2-hydroxy-4-(methylthio)butanoic acid supplementation was the only product 
that resulted in no change in milk protein concentration, while the supplementation of the 
other products resulted in significant increases. Milk fat yield was increased when 
supplementation of HMTBa and Mepron occurred as well as milk fat concentration 
increasing when DL-Met was infused or HMTBa was supplemented (Zanton et al., 
2014). 
Multiple hypotheses exist and have been demonstrated over the years for the 
mechanism in which milk fat increases due to RPMet supplementation. These include a 
stimulating effect on de novo synthesis of short- and medium-chain fatty acids in the 
mammary gland (Pisulewski et al., 1996) and Met’s role as a methyl donor in the 
synthesis of choline (Sharma and Erdman, 1988) or increasing triglycerides and 
lipoproteins in the blood (Huber et al., 1984), both of which are imperative in the 
synthesis of milk fat. Due to 50 to 60% of HMTBa being utilized in the rumen, multiple 
studies (Baldin et al., 2015, 2018) have established its ability to maintain or increase milk 
fat in dietary situations with high risk for biohydrogenation-induced milk fat depression 
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(MFD). Typical ruminal biohydrogenation of dietary polyunsaturated fatty acids (PUFA) 
results in the production of stearic acid (C18:0) with cis-9, trans-11 conjugated linoleic 
acid (CLA) as the initial intermediate. Dietary conditions such as rations low in effective 
fiber and those supplemented with plant/fish oils can induce MFD therefore shifting the 
rumen microbial population and lowering ruminal pH. In such scenarios, normal ruminal 
biohydrogenation is altered to produce unique fatty acid intermediates such as trans-10, 
cis-12 CLA, which has been shown to be a potent inhibitor on the mammary gland’s 
ability to synthesize milk fat (Bauman and Griinari, 2003; Harvatine, 2016). 
In regards to growth performance, early studies feeding RPMet and RPLys were 
rather fruitless in their ability to detect significant differences. Wright and Loerch (1988) 
executed multiple finishing trials on crossbred beef steers using urea as the protein source 
and supplementing with various concentrations and combinations of RPMet and RPLys 
and detected no differences in feedlot performance or carcass characteristics. In contrast, 
Oke et al. (1986) utilized soybean meal (SBM) as the sole source of protein and only saw 
significant improvements in average daily gain (ADG) and feed:gain (F:G) at the highest 
of three concentrations of RPMet and RPLys inclusion compared to control steers. In a 
study using crossbred beef steers that were allowed ad libitum access to grass silage, the 
supplementation of RPMet and RPLys together resulted in a 16.3% improvement in ADG 
and a 13.6% improvement in F:G compared to controls (Veira et al., 1991). Minimal 
studies have been executed to detect the effects of using the current RPMet products that 
are available on the market. Kunkle and Hopkins (1999) supplemented crossbred feeder 
calves on a forage-based diet with Smartamine M to provide between 1 and 5 g of the 
sulfur AA and saw increases in ADG ranging between 0.16 and 0.33 lb/d over controls. 
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In another study using growing beef heifers on a forage-based diet and supplemented 
with HMTBa in the liquid form (Alimet), ADG was significantly increased when 
HMTBa was supplemented at 15 g/d but not at 7.5 g/d (Hersom et al., 2009). 
Very few studies have been designed to test for effects of RPMet supplementation 
on reproductive efficiency and often those that have measured reproductive variables are 
not adequately powered, especially on binomial pregnancy data. Spiekers and Pfeffer 
(1990) randomly assigned Holstein cows to 1 of 4 dietary energy levels supplemented 
with or without a hydroxy analog calcium salt and saw pregnancy rates of 87% in the 
supplement group and 73% in the control group; however, the difference was not 
significant nor were any of the changes in regards to milk parameters. Numerical 
reductions in days to first estrus, open days, and services per conception were observed in 
the study by Ardalan et al. (2009); however, statistical power was far too weak to see 
significant differences. In one of the larger studies looking at the effects of RPMet and 
RPLys, 259 Holstein cows were utilized and no differences were detected in days to first 
service, services per conception, or calving interval (Polan et al., 1991). In another large-
scale study where lactating Holstein cows either served as controls or were supplemented 
with 21.2 g of Smartamine, milk protein percentage increased and milk fat percentage 
tended to increase while no negative effects of reproductive performance were detected 
(Toledo et al., 2017). Another study testing the effects of Smartamine (Nikkah et al., 
2013) resulted in significant increases in both milk production as well as a variety of 
reproduction parameters. In the study mentioned before by Hersom et al. (2009), when 
developing beef heifers on a forage-based system with HMTBa supplementation, the 
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increases in ADG also came with inherent boosts in reproductive tract scores (RTS) but 
the study was not carried out to look at conception rate. 
The supplementation of RPMet has also been studied for its effect on embryo 
development. Coelho and Klein (1990) tried developing headfold-stage rat embryos 
cultured in cow serum and could only do so without abnormalities occurring when Met 
was included in the culture or the cow serum added was from females that had been 
supplemented with RPMet. A more recent study looked at the development of bovine 
embryos in the presence of ethionine (an antimetabolite of Met) or Met, and though 
ethionine did not block development to the morula stage, it did block the development of 
blastocysts, signifying Met importance on embryo development (Ikeda et al., 2012). 
Wiltbank et at. (2014) supplemented superovulated Holstein cows with Smartamine and 
after collecting a total of 570 embryos between control and supplemented cows, no 
differences were detected in fertility or embryo quality from a gross perspective. In 
taking a closer look, Acosta et al. (2016) supplemented superovulated cows with 
Smartamine and noted that supplementation increased lipid droplets in preimplantation 
embryos but surprisingly also decreased DNA methylation. 
Due to Met’s role in a variety of methylation reactions and the synthesis of key 
compounds, supplementation has shown to support improved liver function, 
inflammation status, and immune response, especially in the transition period (Osorio et 
al., 2014; Zhou et al., 2016). In looking at some blood metabolites of cows receiving 
RPMet supplementation compared to controls, BUN concentrations decreased (Bach et 
al., 2000; Socha et al., 2005) or remained unchanged (Pisulewski et al., 1996; Socha et 
al., 2008). Blood urea nitrogen concentrations quadratically decreased across graded 
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concentrations of RPMet supplementation compared to controls (Hersom et al., 2009; 
Lee et al., 2015), which is likely due to the highest concentrations of supplementation far 
exceeding limiting AA requirements. Pisulewski et al. (1996) observed a linear reduction 
in non-esterified fatty acid (NEFA) concentrations over graded concentrations of Met as 
did Socha et al. (2008) during peak lactation; however, there were no differences during 
early- or mid-lactation. Glucose concentrations were not significantly different in the trial 
by Pisulewski et al. (1996) or at peak- or mid-lactation in the Socha et al. (2008) study; 
however, they responded with a quadratic decrease to graded concentrations of 
supplementation during early-lactation. 
2.4 Nutrition and Reproduction 
2.4.1    Big Picture: Nutrition and Reproduction 
The efficiency of beef cattle production is often evaluated using two major traits, 
those being lbs of calf weaned per cow and reproductive success rate. Reproductive 
success is ultimately represented by the successful establishment of pregnancy by the end 
of the breeding season with nutrition often being the limiting and most impactful factor 
(Short and Adams, 1988). Though reproductive success culminates with pregnancy rate, 
an altered supply of nutrients can directly affect the onset of puberty, oocyte and 
spermatozoa development, ovulation, fertilization, and embryo survival as well as having 
indirect effects on fertility by impacting hormone production (Robinson et al., 2006). 
Using energy as the variable, Short and Adams (1988) graphically displayed the 
hierarchy of partitioning of nutrients in beef cows with the order being; basal metabolism, 
activity, growth, energy reserves, pregnancy, lactation, additional energy reserves, 
estrous cycles and initiation of pregnancy, and excess reserves. The relative priority of 
categories such as growth, pregnancy, and lactation are subject to change with where an 
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animal is at in the production cycle as well as with the environment, but it does go to 
show the numerous metabolic responsibilities which take priority to ensure survival well 
before the establishment of pregnancy can occur. The NASEM (2016) does provide 
energy and protein requirements for maintenance and growth along with pregnancy and 
lactation of breeding females. More work is needed to define the effects of dietary 
manipulation on hormone regulation, follicular development, and ovarian function as 
well as the dietary requirements for conception and early embryo survival. 
2.4.2    Interaction Between Nutrients and Reproduction 
The effects of energy status on ruminant reproductive success and specifically the 
underfeeding of energy has been the main focus of much prior research which has been 
thoroughly reviewed (Short and Adams, 1988; Randel, 1990; Robinson et al., 2006). 
Insufficient energy intake has been shown to delay puberty (Day et al., 1986), lengthen 
postpartum anestrus (Rutter and Randel, 1984), and cause anestrus in cows or heifers that 
were previously having estrus cycles (Imakawa et al., 1986). Glucose is the only energy 
source that the neural system can utilize and considering the neural-endocrine axis’ 
control over hormone secretion, then it can be assumed glucose serves as a mediator for 
the effects of energy status on reproduction (Short and Adams, 1988). Additionally, 
insulin concentrations have been shown to modulate postpartum effects on ovarian 
activity with diets provoking increased insulin secretion shortening the period of 
postpartum anestrus (Gong et al., 2002). Change in body condition score (BCS) and 
whether body weight (BW) is stabilized or changing in either direction, though subjective 
and sometimes inaccurate, have been studied and correlated to reproductive rate both 
during the prepartum period (Wettemann et al., 1981) and postpartum period (Richards et 
al., 1986). 
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Vitamin and mineral status can also play a crucial role in influencing metabolic 
processes related to reproduction. Once again, it is important that vitamin and mineral 
supplementation does not provide concentrations outside the range required otherwise 
deficiencies and, in some instances, even overprovision can impair parameters such as 
embryo development and offspring survival (Mitchell et al., 2007). More work is needed 
to understand the effects of vitamin and mineral status, especially in female fertility and 
reproductive success, however the information that is currently known has been 
summarized in a few in-depth reviews (Hidiroglou, 1979; Hurley and Doane, 1989; 
Smith and Akinbamijo, 2000). 
The excessive or insufficient supplementation of protein and its effect on a wide 
variety of reproductive traits and processes will be discussed in the following sections. 
2.5 Protein and Reproduction 
2.5.1    Insufficient Protein Supplementation 
In beef cow-calf production, where cattle are often times grazing low quality 
forages during times of high nutritional needs, a deficiency in protein intake can likely 
occur if supplementation is not provided. A significant reduction in pregnancy rate has 
been shown in numerous studies utilizing multiparous and primiparous cows when 
inadequate protein was provided either during the prepartum or postpartum periods as 
compiled by Randel (1990). Results from those studies are confounded by either a 
coinciding energy deficiency or general poor nutrition (Hall, 2010). In the one study 
where isocaloric diets were fed, primiparous beef females were fed a diet containing 
adequate (CP: 0.96 kg/d) or deficient (CP: 0.32 kg/d) protein levels beginning 150 d 
prepartum through 40 d postpartum (DPP; Sasser et al., 1988). First service conception 
(71 vs. 25%) and overall pregnancy rates (74 vs. 32%) were significantly reduced in 
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protein-restricted cattle as well as a tendency for longer intervals to first estrus, first 
service, and conception. In trying to detect the underlying hormonal mechanisms 
involved, Nolan et al. (1988) fed cows diets containing adequate or insufficient protein 
and observed that the delayed return to estrus in deficient cows was due to lower 
concentrations of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) 
along with reduced anterior pituitary sensitivity to gonadotropin-releasing hormone 
(GnRH) release. Additionally, pre-pubertal ewe lambs fed a restricted level of CP 
exhibited reduced LH pulse frequency and amplitude; however, it had no effect on FSH 
response (Polkowska et al., 2003). 
2.5.2    Excess Protein Supplementation 
Feeding protein in excess of an animal’s requirement has also been shown to alter 
subsequent reproductive success. The effects of excess dietary protein are often 
associated with decreased pregnancy rates; however, results remain fairly inconsistent 
across a broad range of studies. More work is needed to understand the interaction that 
environment (TMR fed or grazing cattle; Roche et al., 2011) and the coinciding energy 
supply (Hawkins et al., 2000) may play. Garcia-Bojalil et al. (1994) hypothesized that 
energy status must be taken in to account when supplying excess protein because of the 
expensive energetic cost of detoxifying extra ammonia and urea if reproductive failure is 
to be prevented.  
The concentration of urea in the blood and milk have served as accessible and 
inexpensive indices to try and establish a relationship between the metabolism of dietary 
protein and reproductive success (Butler, 1998). A large-scale study on dairy cows 
performed by Ferguson et al. (1993) established BUN concentrations >20 mg/dL as the 
threshold for noticing reduced conception rates which is consistent with data signifying 
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that milk urea nitrogen (MUN) concentrations >15.4 mg/dL suppressed reproductive 
success (Rajala-Schultz et al., 2001). Alternatively, increasing CP levels in a dairy ration 
from 13 to 20% increased BUN concentrations with no deleterious effects on 
reproductive efficiency (Carroll et al., 1988) which is similar to findings by Howard et al. 
(1987) when CP was raised from 15 to 20%. Additionally, Ordóñez et al. (2007) reported 
increased BUN concentrations when cows grazed N fertilized pasture without any 
significant shift in reproductive parameters, while Garcia-Bojalil et al. (1994) also noted 
extreme increases in BUN concentrations feeding superovulated cows excess CP only to 
have no effect on ovulatory parameters. In those studies which have seen reduced fertility 
associated with feeding extra CP, it has been postulated that the excess dietary CP 
increases urea concentrations in the reproductive tract (Carroll et al., 1988), altering 
uterine secretions (Jordan et al., 1983) and lowering uterine pH during the luteal phase 
(Elrod and Butler, 1993) which are both disruptive towards the establishment of a 
pregnancy. Though an immediate surge in urea due to dosing CP at the time of a 
reproductive event might cause fertility issues, some studies have shown that prolonged 
feeding of CP allowed cows to become accustomed to the high urea concentrations 
having no effect on reproduction as either superovulated donors (Dawuda et al., 2002) or 
recipients receiving embryos (Gath et al., 2012). 
2.5.3    Excess Degradable Protein 
In order to support the extreme genetic potential for milk production bred in to 
current lactating dairy cows, most diets contain between 17 and 19% CP and consist of 
highly degradable forms of protein to provide for MPS. Though it may prove effective 
for meeting milk production demands, the excess RDP will only exacerbate the negative 
energy balance (NEB) and likely suppress fertility (Butler, 1998). Providing RDP levels 
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in excess of requirements to multiparous and primiparous dairy cows (Canfield et al., 
1990) or to virgin dairy heifers (Elrod and Butler, 1993) increased BUN concentrations 
and significantly lowered 1st service conception rate by 17 and 21% respectively. Using 
logistic regression analysis with two separate models, Ferguson and Chalupa (1989) 
dissected the influence that the separation of RDP and RUP would have in predicting 
reproductive changes and found RDP fed in excess of requirements was associated with 
decreased fertility in dairy cows. Similar to what was noticed when feeding increased 
dietary CP, when RDP was fed at 135% of requirements the uterine pH of Holstein cows 
significantly dropped from 7.13 to 6.85 (Elrod et al., 1993). 
In primiparous beef females that were supplemented SBM at 100 or 150% of 
requirements, the expected BUN increase occurred however no statistical differences in 
conception rate existed (Rusche et al., 1993). In multiparous beef cows grazing native 
range and fed either 1.2 or 2.5 kg/d of a 42% CP SBM supplement from parturition on, 
no significant differences in conception to artificial insemination (AI) occurred (Lents et 
al., 2008). In comparison, it seems that the effect of excess RDP on fertility is less severe 
in beef females than for dairy females. 
2.5.4    Excess Undegradable Protein 
While the results of RDP supplementation were inconsistent between beef and 
dairy cattle and somewhat disappointing in their effects, the supplementation of excess 
RUP has a much more optimistic outlook. In a two-year study utilizing dairy cattle, the 
inclusion of fish meal (an excellent RUP source) improved conception rates and reduced 
the number of services required per conception (Armstrong et al., 1990). Another study 
comparing highly degradable or undegradable protein sources for dairy cows, outlined 
that RUP supplementation increased overall pregnancy rates (53.4 vs. 75.4%) 
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(McCormick et al., 1999). Rations formulated with greater percentages of RUP prompted 
improvements in first service conception rates and overall pregnancy rates in Brahman 
cows (Triplett et al., 1995), crossbred beef heifers (Martin et al., 2007), and primiparous 
crossbred beef cows (Wiley et al., 1991). Alternatively, other studies utilizing blood 
meal/corn gluten meal (CGM; Lalman et al., 1993; Rusche et al., 1993) or dried distiller’s 
grains with solubles (DDGS; Gunn et al., 2014b) as a RUP source saw no change in 
conception rates compared to a more degradable protein diet. 
2.5.5    Excess Protein and Ovarian Function 
The inherent increase in blood urea and ammonia concentrations due to feeding 
excess protein not only affects the uterine environment but has also been implicated in 
interacting with oocyte and embryo development. When embryos were flushed from 
superovulated donors with moderate or high BUN concentrations, no qualitative 
differences were observed; however, pregnancy rate was lower (11%) for embryos 
retrieved from high BUN donors than moderate BUN donors (35%), regardless if it was a 
low BUN or high BUN recipient (Rhoads et al., 2006). This work, along with proceeding 
studies suggest that urea/ammonia concentration’s deleterious effects on the oocyte or 
embryo must likely occur before recovery on d 7. To confirm this theory, work done by 
Gath et al. (2012) placed recipient beef heifers on a low energy, high urea diet to simulate 
the NEB that dairy cows often experience on a high protein diet. When those heifers were 
implanted with high quality d 7 embryos, no difference in pregnancy rate was detected 
compared to controls even despite a difference in BUN concentration. In the second 
portion of this study, beef heifers exposed to the same prolonged dietary treatments and 
put on a superovulation protocol did not reveal differences in the number of corpora lutea 
(CL) or fertilization rate (Gath et al., 2012). Cows have shown to adjust to a high urea 
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diet started 10 days before insemination for superovulation; however, when high urea 
supplementation started at insemination there was a reduction in embryo yield and quality 
(Dawuda et al., 2002). 
In vitro studies have demonstrated reduced fertilization, cleavage, and blastocyst 
production rates from oocytes that were aspirated from cows with elevated BUN 
concentrations (Santos et al., 2009) or fed high ammonia generating diets (Sinclair et al., 
2000), as well as when urea was placed in the maturation medium (De Wit et al., 2001). 
In those cows fed an ammonia generating diet, it was the cumulus-oocyte complexes 
aspirated from small follicles (1-4 mm) that were more likely to develop to the blastocyst 
stage than those from medium follicles (4-8 mm; Sinclair et al., 2000). By placing 6 mM 
of urea in the maturation medium, oocytes were quicker to reach metaphase I; however, 
they were also more likely to become arrested in metaphase I or telophase than controls 
(De Wit et al., 2001). The stage of development and the concentration of ammonia added 
to in vitro medium has shown to have marked effects, both positive and negative, on 
proper oocyte development (Hammon et al., 2000). In taking a closer look, Rooke et al. 
(2004) identified that increasing concentrations of ammonia impaired the growth and 
metabolism of granulosa cells, with a stronger impact from cells of medium follicles 
rather than small. 
Ovarian ultrasonography revealed that greater protein supplementation 
postpartum resulted in the increased diameter (15.1 vs. 13.6 mm) of the dominant follicle 
from the first estrus (Lents et al., 2008). When Gunn et al. (2014b) exceeded the CP 
requirements of primiparous beef females during late gestation and early lactation, 
feeding DDGS, the diameter of the dominant and secondary follicles was greater, as well 
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as a tendency for increased wavelength durations. Because DDGS is a major contributor 
of protein and fat, the previous study could not elicit which dietary ingredient impacted 
those effects (Gunn et al., 2014b). In a continuation of previous work, Gunn et al. (2014a) 
used CGM because of its similarity in protein degradability to DDGS without the fat 
content interference. Protein supplementation using CGM resulted in increased diameter 
of the ovulatory follicle, average follicle count over the entirety of a wave, and the 
tendency for changes in progesterone and estradiol concentrations. 
In going one step further, Geppert et al. (2017a,b) looked to detect differences in 
ovarian function when varying levels and concentrations of RUP were provided. Non-
pregnant non-lactating beef cows were fed CGM (moderate RUP) or SBM (low RUP) at 
150% MP requirements to study ovarian dynamics (Geppert et al., 2017a). Results 
suggest that cows fed the moderate RUP source were characterized by greater post-
ovulatory follicle growth, larger dominant follicles at luteolysis, larger ovulatory 
follicles, and reduced progesterone concentrations 7 d post estrus. Additionally, when 
cows were provided with CGM (62% RUP) at 150% MP requirements they experienced 
larger ovulatory follicles, increased average antral follicle count (AFC), and greater CL 
volume 7 d post estrus compared to cows supplemented at 125% MP (Geppert et al., 
2017b). 
2.5.6    Fetal Programming 
Dr. David Barker first defined fetal, or developmental programming, as “the 
concept that a maternal stimulus or insult at a critical period in fetal development has 
long term impacts on the offspring” (Godfrey and Barker, 2000). The concept that 
offspring born to undernourished mothers can experience greater likelihood of disease 
(Godfrey and Barker, 2000), poor performance, and greater mortality and morbidity 
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(Corah et al., 1975) is rather easily understood. What is of greater importance for the 
present study is how the supply of excess nutrients, specifically protein, during critical 
periods of gestation can affect subsequent offspring performance. In a 2 x 2 factorial 
design, Brahman cross heifers were exposed to either a high or low plane of nutrition 
during either the 2nd or 3rd trimester of pregnancy which showed to have significant effect 
on heifer offspring primary follicle density, healthy antral follicle density, and largest 
follicle size (Sullivan et al., 2009). It is factors such as those previously listed that likely 
contributed to heifer offspring of dams on a higher plane of nutrition (Cushman et al., 
2014) or supplemented with a 42% CP supplement (Martin et al., 2007) during late 
gestation experiencing greater 1st service conception rates. Similarly, primiparous beef 
females were supplemented with excess protein, as DDGS, during late gestation and early 
lactation with their heifer offspring realizing greater conception to AI but no difference in 
overall breeding season (Gunn et al., 2015). 
2.6 Statement of the Problem 
Constant pressure remains on livestock production to increase outputs per animal 
unit while there is a push to also minimize the amount of N excreted into the environment 
when over supplementation of dietary protein occurs. Feeding strategies have continually 
been refined from a CP system, to MP systems, leading us to the RPAA supplementation 
that we are currently investigating. Dairy cattle have consistently experienced improved 
milk production when RPMet is provided, however the question arises of whether the 
same benefits are exerted in beef cattle. Previous work studying the effects of excess 
protein supplementation have been shown to result in poor fertility associated with an 
increase in circulating urea N concentrations. 
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The overall goals of the experiment included in this thesis are to determine the 
impact RPMet supplementation has on milk production, subsequent progeny growth, and 
reproductive success in beef cows. If supplementation does indeed improve milk 
production, those benefits must translate to increased pre-weaning progeny performance 
to be economically viable. Additionally, from these goals, the biological mechanisms of 
RPMet supplementation on reproductive function may be elucidated, which may be 
useful in understanding ways supplementation can be used to alter overall fertility in beef 
cows.   
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CHAPTER 3.    EVALUATION OF PERI-PARTUM SUPPLEMENTATION OF 
METHIONINE HYDROXY ANALOG ON COW-CALF PERFORMANCE 
3.1 Abstract 
The objective was to evaluate the effects of peripartum supplementation of 
methionine hydroxy analog (MFP; Novus International, Inc. St. Charles, MO) to 
nulliparous beef females on dam and progeny performance. Yearling Angus heifers (n = 
60) were blocked by expected parturition date, stratified by body weight (BW) and body 
condition score (BCS), and randomized to 1 of 15 pens (4 females/pen). Pens were 
randomly assigned to 1 of 3 dietary treatments; a basal diet supplemented with either 1) 0 
g · animal-1 · d-1 of MFP (M0); 2) 15 g · animal-1 · d-1 of MFP (M15); or 3) 30 g · animal-
1 · d-1 of MFP (M30). The basal diet consisted of ground hay, silage, and distillers grains 
and was formulated to maintain similar BW across treatments. Diets were fed from 45 ± 
13 d prior to average parturition date through 81 ± 13 d postpartum (DPP) when all cow-
calf pairs were commingled and managed as a singular group on pasture until weaning 
(199 ± 13 DPP). Dam BW, BCS, and blood samples were taken at six predetermined 
timepoints throughout the study. Progeny data collection occurred at birth, two 
intermediate timepoints, and at weaning. Milk samples were collected for component 
analysis at 7 ± 2 DPP and at 55 ± 5 DPP. Serial blood samples were analyzed to establish 
resumption of postpartum cyclicity, and ultrasonography was performed at 55 ± 5 DPP to 
evaluate ovarian function. Cows were artificially inseminated at 82 ± 13 DPP and turned 
out with bulls for a 55-d breeding season. Continuous and categorical data were analyzed 
using the MIXED and GLIMMIX procedures of SAS, respectively. Dam BW and BCS 
were not different (P ≥ 0.24) across treatments throughout the study. Week 1 milk fat 
increased (P = 0.05) linearly and total solids tended to increase (P = 0.07) as MFP 
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increased in the diet; however, no other milk components differed (P ≥ 0.16) as a result 
of treatment. No differences (P ≥ 0.16) in dam reproductive parameters or progeny 
performance were observed. At breeding (the conclusion of dietary treatments) blood 
urea nitrogen (BUN) concentrations linearly decreased (P = 0.03) with increased 
supplementation of MFP and non-esterified fatty acids (NEFA) concentrations were 
lower (P = 0.04) in MFP-supplemented dams compared to dams receiving no MFP. 
Concentrations of BUN and NEFA were not different (P ≥ 0.22) at any other remaining 
timepoint nor were glucose and methionine (Met) concentrations different (P ≥ 0.15) at 
any point. These data indicate that supplementation of MFP in late gestation and early 
lactation may increase milk fat components immediately after calving but does not 
translate to significant changes in progeny growth or dam reproductive performance. 
3.2 Introduction 
Proper peripartum maternal nutrition is necessary for maximizing beef cattle 
performance, not only in regards to milk production and progeny growth, but also in 
repairing the reproductive tract and preparing to establish the subsequent pregnancy. 
Insufficient provision of protein and energy in late gestation and early lactation beef 
females has shown to lengthen postpartum anestrus (Rutter and Randel, 1984) and reduce 
breeding season pregnancy rates (Randel, 1990). Feeding dietary protein in excess of 
requirements has often been associated with decreased pregnancy rates; however, results 
remain fairly inconsistent across a broad range of studies with no causative studies 
reported. When specifically studying the supplementation of excess rumen undegradable 
protein (RUP), improvements in reproductive success have a much more positive 
outlook. Rations formulated with greater percentages of RUP have signified improved 
fertility in beef cattle (Wiley et al., 1991; Martin et al., 2007) or resulted in no change in 
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conception rates compared to a more degradable protein diet (Lalman et al., 1993; Gunn 
et al., 2014b). 
Microbial protein flow from the rumen to the lower part of the digestive tract can 
represent anywhere from 50 up to 85% of the total absorbable protein available at the 
small intestine (NRC, 1985; Storm and Ørskov, 1983). Ruminant animals exposed to a 
variety of dietary treatments produce microbial protein with a very similar amino acid 
(AA) composition across treatments (Clark et al., 1992; Sok et al., 2017) and that AA 
profile shows strong resemblance to the AA profile of milk and muscle (Ørskov, 1992). 
With that understanding, if the diet being fed allows for a relatively optimal AA profile to 
arrive at the small intestine, there are potential economic and environmental savings 
through reducing overall CP levels required (Von Keyserlingk et al., 1999) and instead 
targeting the provision of the most limiting AA for post-ruminal availability. Methionine 
is often considered the first limiting or co-limiting AA in both beef cattle (Richardson 
and Hatfield, 1978) and lactating dairy cows (Schwab et al., 1976; Rulquin and Delaby, 
1997). 
Providing free AA sources becomes wasteful because a large proportion of the 
limiting AA will be degraded and reincorporated into microbial protein in the rumen 
rather than escape intact and be available at the small intestine, therefore some form of 
AA ruminal protection had to be devised. Work beginning in the late 1980’s and dating 
up to our current efforts involve rumen protected products that fit into one of three 
categories: 1) encapsulation with lipids, 2) encapsulation with ruminally inert, pH-
sensitive materials, and 3) synthesis of AA analogs and derivatives (NRC, 2001). The 
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most widely studied Met analog is Met hydroxy analog (MHA) more accurately named 
2-hydroxy-4-(methylthio)butanoic acid (HMTBa). 
Previously, the production changes in ruminants resulting from ruminally 
protected Met (RPMet) supplementation have been evaluated using predominantly 
lactating dairy cattle focusing mainly on the effects on milk production. Rulquin et al. 
(1993) constructed initial dose-response curves to supplementation of metabolizable Met 
to display production improvements in milk yield, milk protein content and yield, and 
milk fat content and yield. In the most recent meta-analysis of lactational performance in 
dairy cows receiving supplemental Met, Zanton et al. (2014) illustrated that lactating 
dairy cows receiving HMTBa saw significant increases in milk fat yield as well as 
numerical increases in both milk yield and milk protein yield. Additionally, a study using 
growing beef heifers on a forage-based diet and supplemented with HMTBa in the liquid 
form (Alimet), saw average daily gain (ADG) significantly increase when HMTBa was 
supplemented at 15 g/d, with those heifers realizing an inherent boost in reproductive 
tract scores (RTS); however, the study was not carried out to look at conception rate 
(Hersom et al., 2009). 
No research has previously explored supplementing HMTBa to primiparous 
spring-calving beef females. The objectives of this study were to evaluate pre-weaning 
progeny performance and dam reproductive success when primiparous females are 
supplemented with HMTBa (as MFP) during the last month of gestation through 
subsequent breeding. The hypothesis was that maternal supplementation of MFP 
peripartum would result in improved calf growth through increased milk components 
without hindering reproductive success. 
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3.3 Materials and Methods 
3.3.1    Animals and Diets 
All cattle were handled in accordance with procedures and protocols approved by 
the Iowa State University Institutional Animal Care and Use Committee (protocol 11-16-
8392-B). Research was conducted at the Iowa State University McNay Memorial 
Research and Demonstration Farm in Chariton, Iowa from February to October 2017. 
Yearling Angus heifers of similar genetic background (n = 60; BW = 452 ± 28 kg; BCS = 
5.99 ± 0.54) were used in a randomized complete block design to elucidate the effects of 
supplementation of methionine hydroxy analog (MFP; Novus International, Inc. St. 
Charles, MO) during late gestation and early lactation on growth, milk parameters, 
reproductive function, and blood metabolites of dams, and pre-weaning performance of 
progeny.  
Yearling heifers were blocked by expected parturition date using ultrasound 
pregnancy detection data, stratified by BW and BCS, and randomized to 1 of 15 pens (4 
females/pen). Pens were then randomly assigned to 1 of 3 dietary treatments; a basal diet 
supplemented with either 1) 0 g · animal-1 · d-1 of MFP (M0); 2) 15 g · animal-1 · d-1 of 
MFP (M15); or 3) 30 g · animal-1 · d-1 of MFP (M30). The basal diet (Table 3.1) was 
formulated to meet or exceed dietary requirements for late gestation and early lactation 
(NASEM, 2016). Formulation was done using individual ingredient chemical 
composition obtained from near-infrared spectroscopy (NIR) analysis (Dairyland 
Laboratories Inc., Arcadia, WI) of corn silage, ground hay, modified distillers, and dried 
distillers, and product label values or NASEM (2016) reference values for the remaining 
ingredients. The initiation of dietary treatments began 45 ± 13 d prior to the average 
parturition date and continued until breeding (Figure 3.1) at 81 ± 13 DPP. At the 
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termination of dietary treatments all cow-calf pairs were commingled and managed as a 
singular group on pasture until weaning (199 ± 13 DPP). During this grazing period, no 
supplementation was offered other than free choice mineral. 
The basal diet was formulated to achieve a prepartum ADG of 0.45 kg, allowing 
heifers to achieve 85% of their expected mature BW by parturition. During the 
postpartum period, the basal diet was formulated for the maintenance of BCS until the 
end of supplementation. The targeted dietary requirements for the postpartum period 
remained the same, however the ration was split into three postpartum timeframes 
(Figure 3.1) due to ingredient availability and proactive use of mineral with elevated 
magnesium concentrations prior to cows being placed on pasture. 
Ground corn served as the carrier for the MFP which was fed as a top dress 
treatment blended with 5.5% soy oil as a binder and formulated to be fed at a rate of 0.45 
kg · animal-1 · d-1 so that dams received 0 g daily of MFP, 15 g daily of MFP, and 30 g 
daily of MFP respectively. The basal diet was delivered as a total mixed ration (TMR) in 
concrete fence-line bunks once daily at approximately 0800 h. The corn carrier 
containing MFP was top dressed onto the basal diet by hand immediately behind the feed 
wagon. Due to the distance between the university and outlying research farm, major data 
collection took place on the Thursday morning of each week. On those days, feed was 
delivered immediately following the conclusion of data collection. During the entire 
experiment, orts were recorded weekly on Thursday mornings and a sample was taken for 
each pen. Orts were analyzed for dry matter (DM), and intake of nutrients was not 
corrected for composition of the orts. During the dietary supplementation period, cattle 
55 
 
 
5
5
 
were housed in a gable style barn with adjoining concrete outdoor lots with more than 91 
cm of bunk space and more than 24 m2 of yard space per cow-calf pair.  
3.3.2    Dam Performance 
The experimental timeline outlining the six major timepoints where dam BW and 
BCS were collected are illustrated in Figure 3.1. Initial BW was determined by taking the 
average preprandial BW measured on the d prior to and the d of treatment initiation as 
well as back to back BW taken near the time of breeding (d 73 and 74) to signify the end 
of dietary treatment. A second pre-calving measurement was taken at 18 ± 13 d prior to 
the calving date, and post-calving data collection occurred at 7 ± 2 DPP. While on 
pasture, dam BW and BCS were collected again at the 35 d post-AI pregnancy 
determination and at weaning/final pregnancy determination. Change in BW during the 
dietary treatment period, pasture period, and over the duration of the study were 
calculated. Body condition score assessment was conducted according to Wagner et al. 
(1988; 1 = emaciated, 9 = obese) by the same trained investigator at all six timepoints 
throughout the study. For purposes of data analysis, prepartum dam BW was calculated 
for gravid uterine weight (GUW) using the following formula (NASEM, 2016) for 
pregnant heifers: 
CW = CBW × 0.01828 × 𝑒(0.02 × 𝐷𝑃 − 0.0000143 × 𝐷𝑃
2) ,  
where CW = conceptus weight, kg; CBW = calf body weight, kg; and DP = days 
pregnant. 
Ten females were removed from the data set completely due to late term abortion 
(n = 2), giving birth to a stillborn calf (n = 2), neonatal calf mortality (n = 2), poor 
maternal instinct or udder issues (n = 2), or extremely late calvers (n = 2); however, there 
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is no evidence to suggest these problems resulted from treatment (M0 = 3 removals, M15 
= 4 removals, and M30 = 3 removals). Cattle were removed from their pen, and the feed 
and supplement delivery to that pen were adjusted accordingly. One calf died from scours 
once all cow-calf pairs were commingled on pasture, so only the data collected on the 
dam and progeny during dietary treatment up until fixed-time AI (FTAI) were included in 
the evaluation. 
3.3.3    Calf Management and Data Collection 
Beginning at the second pre-calving timepoint (18 ± 13 d prior to the calving 
date), females were monitored twice or three times daily for signs of parturition. If labor 
was noticed then progress was monitored; however, no females required any human 
assistance for parturition. Calf sex and progeny BW were recorded within 24 h of birth.  
At 7 ± 2 d of age (DOA), coinciding with the post-calving timepoint, progeny 
body measurements were taken using a tape measure and included biparietal width 
(distance from the distal corner of one eye to the other), cannon length (length of the 
front side of the metacarpus from the proximal to distal epiphysis), and body length 
(length from the dorsal edge of the scapula down the spine to the posterior point of the 
ischium). Progeny BW was measured again at 55 ± 5 DOA (peak lactation), 117 ± 12 
DOA (35 d post-AI pregnancy determination), and 199 ± 12 DOA (weaning). Average 
daily gain between BW measurements and from birth to weaning were calculated. 
As progeny became older, they were observed consuming the dam’s ration 
because creep feed was not available. As a result, beginning at 61 ± 13 DOA until cow-
calf pairs were placed onto pasture at 81 ± 13 DOA, 2 lbs of additional DM per calf, in 
identical proportions to the cow diet were added to the daily feed delivery of each pen to 
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account for the feed consumption of calves and to prevent hinderance of targeted dam 
performance. 
3.3.4    Milk Composition 
Two separate milk samples were collected from all cows at 7 ± 2 DPP and 55 ± 5 
DPP (Figure 3.1). Milk samples were taken preprandial, with the week 1 sample collected 
on the Thursday falling between 3 and 9 DPP to ensure sufficient time for all colostrum 
to be removed from the mammary system and guarantee consistent sampling. The second 
sample was taken on the Thursday that was closest to 60 DPP to target a peak lactation 
collection. The rear right quarter of each cow’s udder was cleaned and then completely 
hand-milked into a sanitary milk jug. If there was not enough sample volume obtained 
from the rear right quarter, the same procedure was administered to the rear left quarter 
and the collections from both quarters were mixed. Milk samples were then transferred to 
labeled, capped plastic tubes (provided by Dairy Lab Services, Dubuque, IA) containing 
potassium dichromate preservative to maintain milk quality and were immediately placed 
in a freezer. Once the final cow had a peak lactation sample taken, all milk samples were 
transported frozen to Dairy Lab Services for infrared instrumentation analysis of milk 
components. The two samples collected from each cow were evaluated separately, and 
milk components analyzed included milk fat, milk protein, milk lactose, milk other 
solids, milk total solids, and milk urea nitrogen (MUN). 
3.3.5    Reproductive Analyses 
3.3.5.1 Resumption of cyclicity 
Starting at 7 ± 2 DPP, blood samples were collected weekly until initiation of 
synchronization of ovulation (74 ± 13 DPP) to determine the duration of the anestrous 
period (Figure 3.2). Resumption of cyclicity was defined as either 7 d before the date of 
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collection of the first blood sample that contained >2 ng/mL or 7 d before the collection 
date of the first of two consecutive blood samples with >1 ng/mL of plasma progesterone 
(Gasser et al., 2006). In cows where progesterone concentrations consistently hovered 
around 1 ng/mL throughout the entire collection period (n = 7 cows), a substantial up flux 
must have taken place (at least a doubling in progesterone concentration) for resumption 
of cyclicity to be declared (n = 3 of the 7 previously mentioned cows). The anestrous 
period for each cow was calculated as the number of days between parturition and 
resumption of estrous cycles. In order to be considered as having resumed cyclicity, cows 
must have maintained regular cyclicity from the day of resumption through the start of 
the synchronization of ovulation protocol.  
Plasma samples were evaluated for progesterone concentrations by South Dakota 
State University (Brookings, SD). Samples were analyzed via radioimmunoassay using 
methodology previously described by Engel et al. (2008). The average intra-assay 
coefficient of variation (CV) was 5.4%, and the inter-assay CV was 3.8%. The average 
sensitivity across assays was 0.4 ng/mL (95% confidence).  
3.3.5.2 Ovarian ultrasonography 
At the weekly data collection timepoint closest to 60 DPP (55 ± 5 DPP) cows 
were subjected to transrectal ultrasonography (Ibex Portable Ultrasound, variable MHz 
linear array transducer, E.I. Medical Imaging, Loveland, CO) for determination of antral 
follicle count (AFC), ovarian length, and ovarian height (Figure 3.2). Ultrasound 
examinations were performed chute-side by the same trained investigator and assisted by 
a trained student worker. All follicles visible to the naked eye (>1 mm) were counted on 
each ovary in real time. The AFC of each ovary was recorded separately. Additionally, at 
chute-side, a clear freeze frame of the whole ovary was used along with the caliper 
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function of the ultrasound machine to determine the ovarian height and length. Both 
ovaries were measured separately; however, statistical analysis was performed only on 
the average height and length of the two ovaries combined. The presence of follicular 
fluid, a corpus luteum (CL), or a corpus albicans (CA) was denoted if observed. Cows 
were not synchronized prior to ovarian ultrasonography, and all cows were thus on 
random and unknown days of their estrous cycle when ultrasonography was performed. 
3.3.5.3 Synchronization of ovulation and breeding 
At 74 ± 13 DPP all cows were synchronized for ovulation using the 5 d CO-
Synch + CIDR (controlled internal drug release) protocol (Figure 3.2). At initiation of 
synchronization cows were administered 100 µg gonadotropin-releasing hormone 
(GnRH; Factrel, Zoetis Animal Health, New York, NY) and received an intravaginal 
progesterone insert (Eazi-Breed CIDR, Zoetis Animal Health, New York, NY). Five d 
later, the CIDR was removed, 50 mg of prostaglandin F2α (PGF2α; Lutalyse, Zoetis 
Animal Health, New York, NY) was administered (25 mg per injection site), and an 
Estrotect heat detection aid (Rockway Inc., Spring Valley, WI) was placed on the tailhead 
of each cow. At FTAI, heat detection patches were assessed as an indicator of riding 
incidences associated with estrus expression before FTAI (1 = fully activated patch; 2 = 
>50% activated patch; 3 = <50% activated patch; 4 = patch lost before FTAI). Seventy-
two h after CIDR removal and PGF2α injection, all cows were FTAI (82 ± 13 DPP) 
concurrent with GnRH administration (Factrel; 100 µg). All cows were FTAI to one of 
five AI bulls, and insemination was performed by one of six trained AI technicians. 
Seven d following FTAI, cows were exposed to three Angus bulls for a 55-d 
breeding season (Figure 3.2). Conception to AI and overall pregnancy rates were 
determined at 35 d post-FTAI and 117 d post-FTAI, respectively, by a trained technician 
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via transrectal ultrasonography (Ibex Portable Ultrasound, variable MHz linear array 
transducer, E.I. Medical Imaging, Loveland, CO). One cow was confirmed AI pregnant at 
the first pregnancy determination and was open at the overall pregnancy determination 
(and therefore considered an embryonic loss). Additionally, another cow did not calve the 
following spring after having been confirmed pregnant by AI at both of the previous 
pregnancy determinations (and therefore considered a fetal loss). All cows confirmed 
pregnant at the final pregnancy determination were included in calculating the Julian 
calving interval between the 2017 calving season and 2018 calving season. Because this 
particular group of cattle was bred to calve later in the 2018 season than in the 2017 
season, it was not expected that they would calve at or shorter than a 365-d calving 
interval. 
3.3.6    Plasma and Serum Analyses 
Blood samples were collected on all dams at the same six major timepoints that 
dam BW and BCS were collected, including: initiation of the study (45 ± 13 d prior to 
average parturition), pre-calving (18 ± 13 d prior to average parturition), post-calving (7 
± 2 DPP), breeding (74 ± 13 DPP), 35 d post-AI pregnancy determination (117 ± 13 
DPP), and final pregnancy determination/weaning (199 ± 13 DPP; Figure 3.1). Blood 
samples were subsequently assayed for plasma BUN, NEFA, and glucose concentrations 
as well as serum concentrations of Met. Blood samples for plasma analysis were 
collected via jugular venipuncture into two 6 mL tubes containing K2 EDTA (BD 
Vacutainer, BD, Franklin Lakes, NJ) and immediately placed on ice. Blood samples for 
serum analysis were collected via jugular venipuncture into 10 mL serum blood 
collection tubes (BD Vacutainer, BD, Franklin Lakes, NJ), and blood was allowed to clot 
at room temperature prior to being placed on ice for transportation to the lab. All blood 
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samples were centrifuged at 2,500 × g for 25 min at 4° C (Thermo Scientific Sorvall 
Legend X1R Centrifuge, Waltham, MA). Plasma and serum were recovered and 
aliquoted into 5 mL polystyrene tubes and frozen at -20° C until metabolite analyses were 
conducted. 
Progeny blood samples were collected at 7 ± 2 DOA, 55 ± 5 DOA, and 199 ± 12 
DOA for determination of plasma BUN and glucose concentrations. Blood samples (one 
6 ml tube) were collected from progeny via jugular venipuncture and were handled using 
an identical protocol for collection and centrifugation as dam blood collection for plasma 
analysis. 
Plasma samples were analyzed for BUN with a commercially available kit (Urea 
Nitrogen Procedure No. 0580, Stanbio Laboratory, Boerne, TX). Samples were prepared 
as duplicates and loaded into 96-well plates to be read at 520 nm in an Eon Microplate 
Spectrophotometer (BioTek Instruments, Inc., Winooski, VT). For dam BUN, the 
average intra-assay CV was 3.8%, and the inter-assay CV (9 assays) for the pooled 
plasma sample containing 8.93 mg/dL of urea nitrogen was 9.0%. For progeny BUN, the 
average intra-assay CV was 4.1%, and the inter-assay CV (5 assays) for the pooled 
plasma sample containing 20.33 mg/dL of urea nitrogen was 5.22%. 
Non-esterified fatty acid concentration was determined using a commercially 
available kit (HR Series NEFA-HR (2), Wako Pure Chemical Industries, Ltd., Mountain 
View, CA). Samples were prepared as duplicates and loaded into 96-well plates to be 
read at 550 nm in an Eon Microplate Spectrophotometer. The average intra-assay CV was 
2.5%, and the inter-assay CV (8 assays) for the pooled plasma sample containing 724.9 
µEq/L of NEFA was 1.5%. 
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Plasma samples were analyzed for glucose with a commercially available kit 
(Autokit Glucose, Wako Pure Chemical Industries, Ltd., Mountain View, CA). Samples 
were prepared as duplicates and loaded into 96-well plates to be read at 492 nm in an Eon 
Microplate Spectrophotometer. The average intra-assay CV was 3.7%, and the inter-
assay CV (12 assays) for the pooled plasma sample containing 71.27 mg/dL glucose was 
3.6% 
Serum samples were evaluated for Met concentrations by Novus International, 
Inc. (St. Charles, MO). Samples were pre-treated via an acetonitrile addition to remove 
all proteins. Methionine concentrations were obtained using a liquid chromatography 
mass spectrometry (LC-MS/MS) method. The separation was conducted using a Supelco 
Ascentis Express HILIC column (Sigma-Aldrich) and a gradient of 0.1% formic acid in 
water and 0.1% formic acid in acetonitrile. A flow rate of 1.0 mL/min and a column 
temperature of 40° C were used. The detection was performed using an API 4000 mass 
spectrometer (AB Sciex), and both the internal standard (tolbutamide) and the Met were 
monitored using Multiple Regression Monitoring (MRM) analysis. Methionine 
calibration was conducted in diluent over a range of 500 to 5000 ppb. The relative 
standard deviation (RSD) was 1.3%, and the percent recovery of the internal standard 
averaged 107%. 
3.3.7    Statistical Analysis 
Differences between treatments for binomial data (resumption of cyclicity, 
response to CIDR, AI conception rate, final conception rate, calf sex) were analyzed 
using the GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC). The remaining 
reproductive parameters, milk components, and progeny performance were analyzed 
using the MIXED procedures of SAS. For all dependent variables of interest, pen served 
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as the experimental unit, the main fixed effect was treatment, and the random effect was 
pen. For all milk and reproductive variables, DPP was initially ran as a covariate; 
however, it was removed from the model if P > 0.10 for the covariate for a specific 
variable. For all progeny-related variables, the statistical model also included the fixed 
effect of sex. For progeny BW, DOA was used as a covariate. 
Dam BW, dam BCS, and all dam and progeny metabolite concentrations were 
analyzed with the MIXED procedure of SAS for REPEATED measures. For all variables, 
the covariance structures’ compound symmetry, heterogenous compound symmetry, 
unstructured, first order autoregressive, and ante-dependence were compared. The 
covariance structure that resulted in the smallest Bayesian information criterion was used 
for the final analysis. The model included the fixed effects of treatment and day, as well 
as the appropriate treatment × day interaction. For all dam measurements analyzed for 
REPEATED measures, DPP was initially ran as a covariate; however, it was removed 
from the model if P > 0.10 for the covariate for a specific variable. For all progeny 
metabolite concentrations, the statistical model also included the fixed effect of sex. The 
SLICE function of SAS was used to generate simple effects within day. 
Two preplanned orthogonal contrasts were decided a priori: 1) testing a linear 
effect, and 2) testing the difference between the control treatment (M0) and the two 
treatments containing MFP (M15 and M30). For all variables analyzed, a P-value ≤ 0.05 
was identified as significant, while a P-value > 0.05 and ≤ 0.10 was identified as a 
tendency approaching significance. 
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3.4  Results 
3.4.1    Dam Performance 
As designed, dam BW and BCS did not differ (P ≥ 0.52) at the time of treatment 
initiation (Table 3.2). Dam BW and BCS did not differ (P ≥ 0.24) at any timepoint 
throughout the dietary supplementation period or the entirety of the study. The main 
effect of day was significant for dam BW and dam BCS as dams gained BW between 
pre-calving timepoints and lost BW and BCS after being commingled on pasture (P < 
0.001; Figure 3.3 and Figure 3.4, respectively). 
3.4.2    Progeny Performance 
The proportion of heifer calves born did not differ across treatments (P ≥ 0.32; 
Table 3.3). There tended to be a linear decrease (P = 0.10) in the biparietal width of 
offspring at birth with increasing supplementation of dams with MFP. Conversely, there 
was a tendency for increased (P = 0.06) cannon length in progeny born to MFP-
supplemented dams compared to those not fed MFP. Offspring body length did not differ 
between treatments (P ≥ 0.39; Table 3.3). Progeny birth weight was not different across 
treatments (P ≥ 0.80), nor did progeny BW differ (P ≥ 0.31) at any of the interim 
measurements or at weaning. Progeny ADG (calculated from birth to weaning) did not 
differ between treatments (P ≥ 0.32; Table 3.3) 
3.4.3    Milk Composition 
At the week 1 (7 ± 2 DPP) milk sampling, milk fat (as a percent of the raw milk 
sample) increased (P = 0.05; Table 3.4) linearly with increasing MFP supplementation. 
There was a subsequent tendency (P = 0.08) for increased percent milk fat in dams 
supplemented with MFP compared to controls. Additionally, there was a tendency (P = 
0.07) for linear increases in percent milk total solids (P = 0.07) as dams received greater 
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concentrations of MFP. Milk protein, milk lactose, milk other solids (as a percent of the 
raw milk sample) did not differ (P ≥ 0.32) due to dietary treatment at the week 1 
measurement, nor did concentrations of MUN (P ≥ 0.25; Table 3.4). At the peak lactation 
(55 ± 5 DPP) milk collection, no differences (P ≥ 0.16) were detected in any milk 
components due to treatment (Table 3.4). 
3.4.4    Reproductive Analyses 
3.4.4.1 Resumption of cyclicity 
The percentage of primiparous females that resumed cyclicity by the 
commencement of the synchronization of ovulation protocol was not different across 
treatments (P ≥ 0.25; Table 3.5). Additionally, for those cows that had resumed cyclicity, 
the anestrous period (measured as the number of days between calving and first estrus) 
was not different (P ≥ 0.16) due to dietary treatment. 
3.4.4.2 Ovarian ultrasonography 
When ovarian ultrasonography was performed at 55 ± 5 DPP, AFC for each ovary 
respectively and total AFC were not different due to MFP supplementation (P ≥ 0.24; 
Table 3.5). Additionally, ovarian height and ovarian length were not affected by 
treatment (P ≥ 0.47). 
3.4.4.3 Synchronization of ovulation and breeding 
Patch scores taken at FTAI did not differ due to treatment, nor did the proportion 
of patch scores 1 or 2, which signified physical estrus expression (P ≥ 0.21; Table 3.5). 
Conception rate to FTAI and overall breeding season pregnancy rate was not affected by 
dietary treatment (P ≥ 0.23). Additionally, the calving interval was not impacted by 
dietary treatment (P ≥ 0.33; Table 3.5). 
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3.4.5    Plasma and Serum Analyses 
3.4.5.1 Dam analyses 
Blood urea nitrogen concentrations did not differ at initiation of the study or at 
weaning/final pregnancy determination due to treatment (P ≥ 0.29; Table 3.6). At 
breeding (the conclusion of dietary treatments) BUN concentrations linearly decreased 
with increased supplementation of MFP (P = 0.03) and MFP-supplemented dams tended 
(P = 0.07) to have lower BUN concentrations compared to control dams. The main effect 
of day was significant for BUN concentrations (P < 0.001), and there tended to be a 
treatment x day interaction for the breeding timepoint (P = 0.052; Figure 3.5) where M0 
dams had the highest BUN concentrations and M30 dams the lowest. 
Non-esterified fatty acid concentrations did not differ due to treatment at either 
the initiation of the study or at weaning/final pregnancy determination (P ≥ 0.38; Table 
3.6). At the conclusion of dietary treatments, NEFA concentrations were lower (P = 0.04) 
in cattle supplemented with MFP compared to dams receiving no MFP and a tendency 
existed for NEFA concentrations to linearly decrease (P = 0.06) with increased MFP 
supplementation. There was a significant day effect (P < 0.001; Figure 3.6) and an 
overall treatment x day interaction (P = 0.03) for NEFA concentrations. In further 
evaluating the test of effect slices there was a treatment x day interaction (P = 0.08) at the 
breeding timepoint when M0 dams had the highest NEFA concentrations and M30 dams 
the lowest. Additionally, at the final pregnancy determination/weaning timepoint, M30 
dams had the most elevated NEFA concentrations and M15 dams the most reduced (P = 
0.10; Figure 3.6). 
Glucose concentrations were not different among treatments at any timepoint 
throughout the entirety of the study (P ≥ 0.15; Table 3.6). There was a significant effect 
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of day for glucose concentrations (P < 0.001); glucose concentrations were high at 
initiation of the study, decreasing at the second pre-calving timepoint and then increasing 
for the remainder of the dietary treatment (data not shown). 
Methionine concentrations were measured at initiation of the study, at the post-
calving timepoint, at the 35 d post-AI pregnancy determination, and at weaning/final 
pregnancy determination and never differed due to treatment (P ≥ 0.18; Table 3.6). There 
was a significant day effect (P < 0.001) and treatment x day interaction (P = 0.08) for 
Met concentrations; Met concentrations were the lowest at initiation of the study and at 
weaning/final pregnancy determination and the most elevated post-calving (data not 
shown). 
3.4.5.2 Progeny analyses 
No differences were detected in progeny BUN or glucose concentrations at any 
timepoint (P ≥ 0.23; Table 3.7). There was a significant effect of day for both glucose 
and BUN concentrations (P < 0.001) as well as a significant overall treatment x day 
interaction for progeny glucose concentrations (P = 0.04). In further evaluating the test of 
effect slices there was a treatment x day interaction (P = 0.08; Figure 3.7) at 55 ± 5 DOA, 
where progeny of M30 dams had the highest BUN concentrations and offspring of M15 
dams had the lowest concentrations. 
3.5 Discussion 
3.5.1    Dam Performance 
The objective of this study was to measure various performance parameters in late 
gestation and early lactation females when a basal diet (formulated to meet daily dietary 
nutrient requirements) was supplemented with increasing concentrations of MFP. To 
minimize confounding factors of BW or BCS on performance parameters, an identical 
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basal diet was fed to maintain similar BW and BCS across treatments throughout the 
study. Diet consumption differed only in the amount of MFP. Analysis of study data 
indicated these goals were met, as BW and BCS did not differ at any timepoint, allowing 
for direct comparison between concentrations of MFP for their potential impact on 
production parameters. 
Cattle in all treatments obtained the calculated 0.45 kg ADG that was targeted for 
the time period between initiation of the study and the post-calving timepoint. Gravid 
uterine weight spiked across all treatments at the second pre-calving timepoint, however 
this inflation is most likely attributed to normalized rumen fill after cattle became fully 
accustomed to dietary treatments. As planned, cattle maintained BW and BCS from 
calving until the end of dietary treatments at FTAI. After dietary treatments terminated, 
cows across all treatments diminished in both BW and BCS while out on pasture. The 
loss of BW in spring-calving cows is commonly referred to as “summer pasture slump” 
and is not unexpected for first time calvers grazing summer forage that is decreasing in 
quality after a dry summer. 
Previous studies supplementing dairy cattle with RPMet products likewise noted 
no differences in BW and BCS due to treatment and observed cattle maintaining BW 
over the course of the experiment (Polan et al., 1991; Socha et al., 2005). A more recent 
study that supplemented MFP to fall-calving multiparous beef cows on an identical 
production stage timeline to the present study also found no difference in BW and BCS 
between treatments (Clements et al., 2017). It should be pointed out that the numerical 
(but not significant) decrease in BCS was very similar between the current study and that 
performed by Clements et al. (2017); however, the multiparous cows in the previous 
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study lost considerably more BW (approx. 20%) over the experimental timeline. 
Differences between studies with regard to change in BW can likely be attributed to 
calving season (spring vs. fall) and subsequent forage availability, as well as to dietary 
treatments (TMR vs. wheat middling supplement on pasture). 
In the current study, the basal diet was formulated to deliver 993.4, 1047.8, 970.7, 
and 907.2 g of crude protein (CP)/d for the prepartum diet and three chronological 
postpartum diets, respectively. The addition of 15 g and 30 g of MFP to the M15 and 
M30 treatments only increased average total CP intake to 101.54 and 103.08% of the 
control diet, respectively. This increase in CP intake is greater than what was realized in 
Clements et al. (2017), when 10 g of MFP were fed; however, the change in dietary 
composition was likely not enough to expect differences in dam BW. The MFP product is 
formulated to contain 84% HMTBa, which is estimated to have approximately a 40% 
rumen bypass rate (Koenig et al., 2002). This bypass rate delivers 5.04 and 10.08 g of 
additional Met to the small intestine for the M15 and M30 treatments, respectively, with 
the remainder being utilized in the rumen. When considering the moderate BUN 
concentrations during supplementation, it does not appear that total protein intake would 
trigger additional energy expenditures for metabolizing extra protein. 
3.5.2    Progeny Performance 
Progeny birth weight was similar across treatments which concurs with the only 
other MFP study conducted where progeny performance was measured (Clements et al., 
2017). Because previous interest in the effects of RPMet and MFP were centered heavily 
on dairy cattle, progeny performance was of minimal economic relevance and was not 
studied extensively. Previous studies showed that marked increases in dietary energy 
(Wilson et al., 2016) and protein (Gunn et al., 2014b) supplied to the dam in late 
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gestation can increase progeny birth weight; however, it is not surprising that the minimal 
difference in maternal dietary supply of nutrients did not alter progeny birth weight in the 
present study. 
Progeny birth weight is often the only neonatal measurement recorded in a typical 
production setting; however, taking other body measurements can document skeletal size 
and shape differences pertinent to fetal growth and development due to dietary 
programming. Peculiarly, in the current study neonatal cannon length tended to increase 
in progeny of MFP-supplemented dams while biparietal width tended to linearly decrease 
with linear increases in maternal MFP supplementation. No previously published studies 
were found that measured biparietal width in neonatal calves. In one study that measured 
shoulder to rump length (very similar to the body length measurement in the current 
study) it had a weak positive relationship to progeny birth weight (Meyer et al., 2016). In 
the current study numerical treatment averages for body length and progeny birth weight 
would actually suggest a negative relationship. The mechanism behind the contrasting 
tendencies for fetal measurement differences is unknown at this time and requires further 
investigation. 
Considering that only percent milk fat differed at the week 1 milk collection and 
that no differences in milk components existed at peak lactation, it is not surprising that 
there were no differences in progeny BW or ADG from birth until weaning. Clements et 
al. (2017) collected milk yield and milk composition at 73 ± 7 DPP and saw no 
differences in milk parameters or in progeny pre-weaning performance. In the current 
study, milk yield could not be effectively measured, and the impact it may have had on 
progeny performance is unknown. In fact, negative correlations between milk yield and 
71 
 
 
7
1
 
percentages of milk components have been demonstrated by Jeffery and Berg (1971) and 
Rahnefeld et al. (1990), with the latter noting a significant negative relation between 
yield and percent protein. When studies looked at correlations between progeny growth 
and milk yield/components, milk yield is consistently the best variable for explaining 
differences in progeny performance (Gleddie and Berg, 1968; Chenette and Frahm, 1981; 
Rahnefeld et al., 1990). Percent fat and percent solids-not-fat showed no correlation to 
progeny ADG (Gleddie and Berg, 1968), and percent protein actually had a negative 
correlation of -0.40 and -0.34 in studies reported by Jeffery and Berg (1971) and Chenette 
and Frahm (1981), respectively. 
Although progeny BW measurements were terminated at weaning in the present 
study, the fact that no divergence in growth curves were discovered prior to weaning 
suggests that no differences in yearling or mature weights of offspring would be realized 
from the dietary treatments of the dam. 
3.5.3    Milk Composition 
The sample size of studies relating RPMet products to other variables discussed in 
this section have been fairly limited; however, due to the abundance of classical milk 
production data, information presented in this section will pertain solely to dairy and beef 
cattle specifically supplemented with HMTBa. In agreement with the review by Zanton et 
al. (2014), the classical variable of interest in HMTBa supplementation projects, milk fat, 
was increased at the week 1 sampling in the current study. The substantial linear increase 
in milk fat (as a percentage of the raw milk sample) seen in the current study is likely 
what accounted for the tendency for percent total milk solids also to increase. The 
similarly executed study of Clements et al (2017) did not see differences in milk 
components or milk yield at 73 ± 7 DPP. It should be noted that the study by Clements et 
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al. (2017) observed much lower percent milk fat and elevated MUN concentrations 
across treatments compared to the 55 ± 5 DPP timepoint in the current study. It could be 
hypothesized that cattle losing excessive BW in the previous study were in a negative 
energy balance (NEB), thus diverting urea into the mammary gland and preventing 
expression of their genetic potential for milk fat production.  
A meta-analysis conducted by Zanton et al. (2014) discovered an increase in 
percent milk fat due to HMTBa supplementation, but production responses to HMTBa 
reported in the literature varied significantly across studies. Multiple studies have 
indicated no effect on milk production or milk composition (St. Pierre and Sylvester, 
2005; Lapierre et al., 2011; Lee et al., 2015), while others saw boosts in percent milk fat 
(Lundquist et al., 1985; Hansen et al., 1991; Baldin et al., 2018), or milk yield 
(Piepenbrink et al., 2004; Wang et al., 2010). The conflicting results across studies can be 
attributed to a variety of factors including but not limited to the level of inclusion rate of 
HMTBa, day of sample relative to parturition, success/failure in truly meeting daily 
dietary nutrient requirements, and the variation in metabolism and milk production 
between dairy and beef cows. Much of the dairy literature that has denoted an 
improvement in percent milk fat have revolved around studies simulating diet-induced 
milk fat depression (MFD) where HMTBa modulated rumen biohydrogenation. Though 
the cows in the current study were likely not high enough producing, or the diet too 
severe in carbohydrate fermentability or polyunsaturated fatty acid (PUFA) levels to 
induce MFD (Baldin et al., 2018), it is possible that an alteration in biohydrogenation in 
the rumen was the cause behind the increase in milk fat. 
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It should be noted that coinciding with the statistical linear increase in percent 
milk fat in the current study at the week 1 sampling, percent milk fat numerically (but 
non-significantly) increased with MFP supplementation at the peak lactation collection 
period. The reasoning behind the dilution of a percent milk fat effect between week 1 and 
peak lactation is currently unknown. Additionally, percent milk protein and MUN 
concentrations numerically increased in a linear fashion at the week 1 collection but were 
similar across treatments at the peak lactation sampling. In comparing MUN and BUN at 
the week 1 timepoint, and the peak lactation milk sample with the closest blood 
collection (breeding), no similarities exist between the two measurements. The reasons 
for this lack of similarities is unknown. Some discrepancy between milk component 
results of the current study compared to the classical literature, is that in the current study 
one milk sample was collected and designated as the singular sample for a specific 
timepoint, whereas during many of the dairy studies milk samples were collected over an 
extended period of time and are reported as an average composite value.  
3.5.4    Reproductive Analyses 
3.5.4.1 Resumption of cyclicity 
No difference in the percent of cows cycling at the time of breeding/end of dietary 
treatment existed in the current study. This result concurs with the MFP study of 
Clements et al. (74 vs. 77%; 2017). Yavas and Walton (2000) suggested that cyclicity 
does not resume until 35 to 60 DPP (or even later) in the typical beef cow, which would 
suggest the cattle in the current study were on a reasonable reproductive timeline. 
Luteinizing hormone must be replenished in the few weeks after parturition, otherwise 
inadequate luteinizing hormone (LH) pulsatility and concentrations will result in the 
failure of dominant follicles to undergo terminal maturation prior to successful ovulation 
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(Yavas and Walton, 2000). In a study conducted by Grimard et al. (1995), LH pulse 
frequency at 30 DPP was negatively correlated to NEFA concentrations. In the current 
study, cattle that were supplemented with MFP had significantly lower NEFA 
concentrations at the breeding timepoint as well as numerically lower treatment averages 
for the anestrous period. 
3.5.4.2 Ovarian ultrasonography 
No significant differences in AFC or ovarian dimensions existed due to dietary 
treatment in the present study. Interestingly, no previous studies providing RPMet 
supplementation looked at its effect on AFC or ovarian size. In the current study, cattle 
were not synchronized prior to ovarian ultrasonography due to labor and distance 
challenges. However, a repeatability of 0.95 was reported for AFC at twice daily ovarian 
scans over the course of an entire estrous cycle within animals (Burns et al., 2005), 
despite a sevenfold variation seen in the average number of follicles across the subset of 
cows. Women who had AFC performed on d 3 of two subsequent menstrual cycles saw 
statistically similar results between cycles (László et al., 2004), which also suggests a 
high repeatability of AFC. In dairy cattle that were separated into low (≤20), medium 
(21-29), and high (≥30) AFC categories, the majority of all reproductive parameters were 
statistically different with better results always observed in high AFC cows (Martinez et 
al., 2016). Positive numerical correlation between AFC and pregnancy rates does not 
hold true in the current study; however, all treatment AFC averages would have fallen in 
the medium AFC category of the study by Martinez et al. (2016).  
In one study where AFC and ovary size were measured, high AFC (≥25) cattle 
had greater ovarian height and length compared to low AFC (≤15) cattle (Cushman et al., 
2009). From a trend standpoint the same would hold true in the current study. In growing 
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beef heifers, Hersom et al. (2009) reported a tendency for improved RTS in heifers 
receiving 15 g of HMTBa compared to controls. The development of the reproductive 
tract prior to puberty could be viewed as somewhat similar to the reactivation and 
enlargement of the functional ovary required for the resumption of cyclicity. 
Heifer offspring of primiparous females did not have yearling or pre-breeding 
AFC performed in the current study; however, previous work has looked at the relation 
between maternal diet and progeny AFC. When an excessive level of protein was 
provided to dams during the third trimester, their offspring had reduced primordial and 
primary follicle density at 23 months of age (Sullivan et al., 2009). Moreover, when ewes 
were put on a high nutrient diet and had pregnancy terminated at 131 d of gestation, their 
fetal offspring had fewer follicles than fetuses from moderate intake diets (Da Silva et al., 
2002). Cushman et al. (2014) reported that both pre-weaning and post-weaning ADG of 
developing replacement heifers were positively correlated to AFC. 
3.5.4.3 Synchronization of ovulation and breeding 
No differences in FTAI or total breeding season pregnancy rates were observed in 
the current study in agreement with the MFP study conducted by Clements et al. (2017) 
for both AI-pregnancy determination (51 vs. 47%, respectively) and breeding season 
pregnancy determination (74 vs. 77%, respectively). When Spiekers and Pfeffer (1990) 
supplemented dairy cows with N-hydroxymethyl-DL-methionine-Ca, conception was 
higher compared to controls (87 vs. 73%). In the same study there was no difference in 
number of days open; however, the study was terminated at 160 d in milk regardless of 
pregnancy status. When Ardalan et al. (2009) supplemented dairy cows with Smartamine 
(Adisseo Inc., Antony, France), days to first estrus, days open, and services per 
conception were not different compared with controls. However, in another similar study 
76 
 
 
7
6
 
involving Smartamine during times of heat stress, improvements due to supplementation 
were seen in the number of days open, calving interval, and heat expression visibility due 
to supplementation (Nikkah et al.., 2013). The much more severe NEB that high-
producing dairy cattle experience after parturition compared to beef cows could possibly 
explain why RPMet supplementation was more effective in correcting energy status and 
improving reproduction in the aforementioned dairy studies but not in the current beef 
study.  
Elevated BUN concentrations due to excess dietary CP have often been 
implicated as having a negative effect on reproductive success. In the current study, 
although BUN concentrations exhibited a significant linear decrease with increasing MFP 
supplementation, it does not appear that it had any impact on conception rate. 
Additionally, in the present study MFP supplementation was terminated approximately 
24 h prior to FTAI. Work by Koenig et al. (1999, 2002) demonstrated that plasma Met 
and HMTBa concentrations return to baseline by approximately 10 h post-consumption. 
If the same holds true for all whole-body tissues, then it could be hypothesized that 
HMTBa/Met differences were not present at the time of breeding and therefore unable to 
elicit a direct effect on conception rate. 
Conception rates to FTAI of approximately 50% in the present study were similar 
to conception rates for the mature cow herd at the same research farm for that same 
breeding season, as well as to typical pregnancy rates of primiparous cows at that farm in 
previous years. Poorer conception to AI than is typically seen in production practice is 
likely due to the abundance of endophyte-infected fescue and hot, humid summer 
weather at the time of breeding. The statistical power required to detect differences in 
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binomial data such as pregnancy rate must be balanced with available operating capacity 
and economic feasibility which is why many reproductive indicator traits other than 
conception rate were also studied in this study. Numerical difference between final 
conception for MFP-supplemented dams and control dams (81.7 vs. 95.0%) in the current 
study may sound alarming; however, this is only the result of 1, 3, and 3 cows being 
confirmed open for the M0, M15, and M30 treatments, respectively.  
3.5.5    Plasma and Serum Analyses 
3.5.5.1 Blood urea nitrogen 
It is widely accepted that substantial increases in dietary CP, specifically rumen 
degradable protein (RDP), can cause significant rises in BUN concentrations; however, in 
the current study it appears that BUN concentrations were not sensitive to the slight 
protein increase caused by MFP supplementation. In fact, there was a tendency for a 
treatment x day interaction at the breeding timepoint (prior to termination of dietary 
treatments) where M0 had the highest BUN concentrations, M30 the lowest, and M15 
intermediate to them. Although no other differences existed over the course of the study 
it should be noted that the M30 treatment had the lowest numerical BUN concentrations 
at all postpartum collections.  
In previous dairy literature, duodenal infusions of Met have shown a tendency to 
reduce BUN concentrations over a dosing range of 0 to 24 g of Met (Pisulewski et al., 
1996), while duodenal infusions elicited no differences during early, mid, or peak 
lactation in another study (Socha et al.,2008). Smartamine supplementation yielded 
similar results of decreasing BUN concentrations (Socha et al., 2005) or no difference 
(Rulquin and Delaby, 1997) in lactating dairy cows. Supplementation with HMTBa 
resulted in no change in BUN concentrations in lactating dairy cows (St-Pierre and 
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Sylvester, 2005), or in growing beef calves until 6 g of sulfur AA were provided (Hersom 
et al., 2009). When Lee et al. (2015) supplemented dairy cows with HMTBa, BUN 
concentrations quadratically decreased and treatment averages for all three levels of 
supplementation were numerically lower than controls; however, those results disagreed 
with the urinary and fecal N excretion recorded in the same study.  
It can be hypothesized that the reduced BUN concentrations resulting from 
supplementation in the current study occurred because Met was limiting. Bach et al. 
(2000) argued that when Met is supplied to Met-limited animals, the liver is better able to 
utilize all AA that otherwise would have been deaminated and entered the urea cycle. 
Across all treatments, dams in the current study had considerably higher concentrations 
of BUN when grazing on pasture than during the dietary treatments in drylots. Neither 
the protein nor energy intake could be measured during grazing, yet because cattle were 
losing BW during this time it is likely that they were catabolizing tissue protein which 
would elevate BUN concentrations.  
No similar data pertaining to progeny BUN concentrations after maternal 
supplementation with RPMet products has been identified; however, no treatment 
differences existed in progeny of the current study. Holstein calves fed a high protein/low 
energy milk replacer consistently had higher BUN concentrations from 7 to 49 d 
compared to calves on a low protein/high energy milk replacer (Lee et al., 2008). 
Interestingly, increased intake of nitrogenous compounds is usually associated with 
increased BUN concentrations; however, in the current study as MUN concentrations 
numerically increased at 7 ± 2 DPP with MFP supplementation, progeny BUN values 
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collected on the same day decreased with increasing levels of dam supplementation with 
MFP. 
3.5.5.2 Glucose 
Glucose concentrations did not differ due to dietary treatment at any timepoint in 
the current study. These results agree with previous research conducted with lactating 
dairy cows delivering duodenal infused Met (Socha et al., 2005) and Smartamine 
(Pisulewski et al., 1996). Socha et al. (2008) reported that glucose concentrations did not 
differ due to Met infusions during peak or mid lactation; however, a quadratic increase 
was observed during early lactation. It is not surprising that the majority of studies 
supplying Met did not look at glucose concentrations and that those studies often reported 
no differences. This is because Met is not considered a predominant gluconeogenic AA. 
Glucose concentrations are much more correlated to dietary energy intake, and in the 
current study the diet provided was isocaloric. Across all six timepoints of blood 
sampling in the current study, treatment averages for glucose concentrations only ranged 
from 72.8 to 84.0 mg/dL. Socha et al. (2005) hypothesized that blood metabolites likely 
responded in a transitory manner, so it is more likely for short-term Latin square studies 
to detect differences than it is for long-term production studies (such as the current 
study). 
Progeny glucose concentrations did not differ at any point which agrees with Xu 
et al. (2018), who delivered RPMet to dairy cows the last 28 d prepartum. Jacometo et al. 
(2016) did not note an overall treatment effect on dairy calves when dams were fed 
RPMet for 21 d prior to calving; however, glucose concentrations were lower at the birth 
timepoint. When Wilson (2015) fed beef cows a prepartum diet at 100 or 129% of CP 
requirements, progeny born to dams fed excess CP possessed reduced glucose 
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concentrations. In accordance with historical data, calves across all treatments had high 
glucose concentrations at birth which began to lower by 55 DOA and normalized to adult 
levels by weaning (McCarthy and Kesler, 1956). 
3.5.5.3 Non-esterified fatty acids 
In the current study, no differences were detected in NEFA concentrations 
through the post-calving timepoint; however, NEFA concentrations were lower in MFP-
supplemented cattle at the last blood sampling prior to termination of dietary treatments. 
The decrease of NEFA concentrations observed herein concur with previous work using 
duodenal infusions of Met (Pisulewski et al., 1996) or supplementation with Smartamine 
(Rulquin and Delaby, 1997) in lactating dairy cows. Socha et al. (2008) observed a 
tendency for decreased NEFA concentrations during peak lactation and a quadratic 
decrease over a range of duodenal infusions of Met during mid lactation; however, there 
were no differences observed during early lactation or during an earlier study they 
conducted (Socha et al., 2005).  
By supplying a more optimal AA balance via Met supplementation, the liver is 
more effective in exporting NEFA to be used for the synthesis of very low-density 
lipoproteins (Socha et al., 2008). Cows experiencing increased dry matter intake (DMI) 
have lower NEFA concentrations because of the reduced dependence on mobilizing body 
fat when energy needs are met (Socha et al., 2008). Individual animal DMI could not be 
measured in the present study; however, DMI could explain the numerical rise in NEFA 
across treatments at the first data collection while on pasture. Cattle had become fully 
accustomed to receiving a nutrient-dense TMR during dietary supplementation and were 
abruptly placed on summer pasture that was likely poorer in nutrient quality. The 
treatment x day interaction seen at the final pregnancy determination/weaning timepoint 
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can likely be attributed to an equilibrating effect once their metabolism had adapted to 
grazing. Additionally, cows that are gaining BW and BCS should have reduced NEFA 
concentrations which are often inversely related to glucose concentrations due to energy 
status (Richards et al., 1989). Though glucose concentrations were very similar across 
timepoints and across treatments, it should be noted that dam BW numerically increased 
between the pre-calving measurements which coincided with numerical decreases in 
NEFA concentrations on all treatments. Most investigations of NEFA concentrations are 
performed in high-yielding dairy cattle around the time of parturition and the NEB 
induced by lactation demands, contrarily, numerical ranges for beef cattle have not been 
investigated as fully (Adewuyi et al., 2005). The current study resembled dairy cattle 
NEFA concentrations in terms of having the lowest levels briefly before parturition and 
spiking in concentrations once lactation began. However, in dairy cattle NEFA 
concentrations usually level off mid lactation which would disagree with trends seen in 
the current study. 
3.5.5.4 Methionine 
As would be expected, Met concentrations were not different across treatments at 
study initiation or at the timepoints when cattle were already on pasture and not being 
supplemented (at least 35 d post dietary treatments). Additionally, Met concentrations did 
not differ due to treatment at the post-calving timepoint which was the single timepoint 
during dietary supplementation when Met was quantified. The current results agree with 
a fall calving beef cow study by Clements et al. (2017) who initiated MFP treatments at a 
similar time and measured Met concentrations at 73 ± 7 DPP. Moreover, Met 
concentrations were not different in multiple studies when HMTBa was supplemented at 
varying concentrations in lactating dairy cows (St. Pierre and Sylvester, 2005; Rulquin et 
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al., 2006; Lee et al., 2015). In contrast, Rulquin and Delaby (1997) supplemented 
Smartamine and saw significant increases in Met concentrations compared to controls in 
both low and high energy diets. When Pisulewski et al. (1996) duodenally infused 
lactating dairy cows with 0, 6, 12, 18, and 24 g/d of Met, they observed a significant 
linear increase in plasma Met. 
Failure to detect differences in Met concentrations when HMTBa is supplemented 
does not necessarily disprove that HMTBa is an effective source of Met to ruminants. 
Other factors such as milk production (in lactating cows) or weight gains (in growing 
animals) can be a reliable indicator for supplementation effectiveness. Due to the various 
types of rumen protection and chemical structures in RPMet products, each specific 
product has a different mode of action, site of absorption, and metabolism within the 
animal. Both enzymes required in the conversion of HMTBa to L-Met have been 
identified in the ruminant forestomach, so there is a potential for HMTBa conversion and 
then subsequent synthesis of Met into microbial crude protein (MCP; Lobley et al., 
2006). Additionally, HMTBa escapes via both the ruminal and omasal epithelium by 
passive diffusion and paracellular transfer (McCollum et al., 2000). Hepatic removal in 
both dairy cows (Lapierre et al., 2011) and sheep (Wester et al., 2006) represented only 
about 30%, leaving an abundance for post-hepatic tissues. If Met is truly first limiting and 
tissues are nutrient deprived, it is very plausible that tissue absorption of HMTBa will 
occur rapidly, HMTBa is converted to L-Met, and retained for metabolic use rather than 
reentering systemic blood circulation (Clements et al., 2017). 
The timing of blood sampling relative to supplement delivery could be another 
reason Met differences were not detected in the current study. In the study by Koenig et 
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al. (1999), 30 g of HMTBa was provided to lactating dairy cows and serum Met was 
measured over 24 h. Serum methionine concentrations peaked 6 h after feeding but 
returned to pre-dosing concentrations by 12 h. After rapid uptake of Met was observed, a 
second study was performed. An oral bolus with 0, 25, or 50 g of HMTBa was 
administered and serum Met was measured at 0, 1, 3, 6, 9, 12 h post-dosing. Serum Met 
concentrations peaked between 3 and 6 h post dosing for both concentrations of HMTBa 
and returned to control values by 9 h and 12 to 24 h for the 25 and 50 g dose, respectively 
(Koenig et al., 2002). These results agree with Lee et al. (2015), who collected blood 6, 
10, and 14 h postprandial and detected no differences. Interestingly, St. Pierre and 
Sylvester (2005) performed blood collection at 2 h postprandial and detected no 
differences; however, they were also delivering dietary treatments in two separate 
feedings in the morning and evening.  
3.5.6    Conclusion 
Based on data from the present study, supplementation of dams with MFP at 15 or 
30 g daily during late gestation and early lactation has positive impacts on milk fat 
components immediately after parturition. However, this increase in percent milk fat does 
not translate to significant changes in progeny growth nor is dam reproductive 
performance altered. The reduction in NEFA concentrations due to MFP supplementation 
was expected based on previous research; however, the linear decrease in BUN 
concentrations, though not inexplainable, was not. Plasma Met concentrations did not 
differ between treatments; however, the sampling protocol may not have been optimal to 
detect differences. Other variables such as percent milk fat can be used to illustrate that 
MFP was indeed effective. As scientific knowledge about fetal programming continues to 
increase, further research is warranted to elucidate if maternal MFP supplementation 
84 
 
 
8
4
 
bears a reproductive impact on the heifer offspring that were developing in utero during 
supplementation rather than on maternal resumption of cyclicity and breeding efficiency.
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Table 3.1. Dietary ingredients and nutrient composition of diet fed to dams from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum 
 Stage of production1 
Item Prepartum Postpartum 1 Postpartum 2 Postpartum 3 
Ingredient, % of diet DM 
    Corn silage 
    Ground hay 
    Modified distillers 
    Dried distillers 
    Ground corn2 
    Co-product mineral3 
    Hi-mag mineral4 
    Limestone 
Diet nutrient composition5 
    CP, % DM 
    NDF, % DM 
    ADF, % DM 
    Lignin, % DM 
    Starch, % DM 
    Fat, % DM 
    Ash, % DM 
    TDN, % DM 
    Ca, g/d 
    P, g/d 
    Dry matter, %  
 
36.7 
54.7 
3.6 
--- 
3.9 
1.1 
--- 
--- 
 
8.95 
50.76 
31.85 
4.62 
17.61 
2.84 
7.28 
62.03 
57.54 
26.51 
60.74 
 
44.4 
41.0 
9.4 
--- 
4.1 
1.2 
--- 
--- 
 
10.07 
47.22 
29.30 
4.30 
20.16 
3.41 
6.90 
65.77 
52.02 
27.94 
55.59 
 
48.5 
21.5 
--- 
24.5 
4.3 
1.2 
--- 
--- 
 
11.37 
39.80 
23.90 
4.25 
22.21 
4.07 
6.12 
73.39 
44.85 
31.56 
56.79 
 
54.3 
17.1 
--- 
22.2 
4.3 
--- 
1.2 
1.0 
 
10.73 
38.81 
23.45 
4.09 
23.93 
3.98 
6.92 
73.44 
57.27 
34.48 
54.49 
1Prepartum diet fed from 45 ± 13 days prior to parturition to 4 ± 13 days prior to parturition, 
Postpartum 1 diet fed from 3 ± 13 days prior to parturition to 30 ± 13 days postpartum, 
Postpartum 2 diet fed from 31 ± 13 days postpartum to 52 ± 13 days postpartum, Postpartum 3 
diet fed from 53 ± 13 days postpartum to 81 ± 13 days postpartum. 
2Ground corn served as carrier for MFP topdress treatment blended with 5.5% soy oil as a binder 
and contained 0 g daily of MFP (M0), 15 g daily of MFP (M15), and 30 g daily of MFP (M30). 
3Co-product mineral supplement contained: 13.5% Salt, 22.7% Ca, 0.05% P, 1.0% Mg, 0.15% K, 
1,450 ppm Cu, 4,950 ppm Mn, 26.4 ppm Se, 4,750 ppm Zn, 837,900 IU vitamin A/kg, 220,500 
IU vitamin D3/kg, and 827 IU vitamin E/kg. 
4Hi-mag mineral supplement contained: 13.5% Salt, 7.2% Ca, 3.75% P, 12.0% Mg, 0.1% K, 
1,450 ppm Cu, 4,950 ppm Mn, 26.4 ppm Se, 4,750 ppm Zn, 523,688 IU vitamin A/kg, 41,895 IU 
vitamin D3/kg, and 419 IU vitamin E/kg. 
5Ingredient composition was based off of NIR analysis values of corn silage, ground hay, 
modified distillers, and dried distillers and NASEM (2016) or label values of other ingredients. 
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Table 3.2. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on dam body weight and body condition 
score performance 
 Treatment1  Contrast P-value 
Item M0 M15 M30 SEM2 Linear 0 vs. MFP3 
BW, kg 
    Initial4 
    Breeding5 
    Weaning/Final Preg 
    Change, kg6 
BCS7 
    Initial 
    Breeding5 
    Weaning/Final Preg 
    Change6 
 
457 
481 
441 
-16 
 
6.02 
5.31 
4.13 
-1.88 
 
448 
472 
431 
-18 
 
5.98 
4.94 
3.83 
-2.15 
 
455 
475 
431 
-25 
 
6.08 
5.37 
4.14 
-1.94 
 
6.9 
9.8 
7.6 
5.4 
 
0.13 
0.21 
0.20 
0.18 
 
0.84 
0.71 
0.33 
0.27 
 
0.76 
0.84 
0.98 
0.80 
 
0.52 
0.58 
0.28 
0.47 
 
0.95 
0.54 
0.56 
0.46 
1Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
2n = 5 pens. 
3Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
4Represents pre-parturition weights adjusted for gravid uterine weight (NASEM, 2016). 
5Marks the conclusion of dietary treatments. 
6Calculations based on changes from initial to weaning/final pregnancy determination (245 d). 
7BCS on scale of 1 to 9 (1 = emaciated, 9 = obese; Wagner et al, 1988). 
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Table 3.3. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on progeny performance1 
 Treatment2  Contrast P-value 
Item 0 15 30 SEM3 Linear 0 vs. MFP4 
Sex of calves, % heifers 
Neonate measurements, cm 
    Biparietal width5 
    Cannon length6 
    Body length7 
Progeny BW, kg8 
    Birth 
    55 ± 5 d of age 
    117 ± 12 d of age 
    Weaning9 
Pre-weaning ADG, kg 
36.67 
 
12.85 
14.46 
57.43 
 
32.2 
83 
124 
186 
0.77 
31.25 
 
12.80 
15.27 
58.03 
 
31.6 
86 
128 
189 
0.79 
52.94 
 
12.31 
15.16 
56.49 
 
31.9 
82 
119 
179 
0.74 
    --- 
 
0.22 
0.31 
0.78 
 
1.31 
3.57 
4.03 
4.85 
0.02 
0.32 
 
0.10 
0.13 
0.39 
 
0.88 
0.84 
0.33 
0.31 
0.32 
0.67 
 
0.27 
0.06 
0.86 
 
0.80 
0.82 
0.82 
0.75 
0.72 
1Calf sex used as fixed effect in the statistical model. 
2Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
3n = 5 pens. 
4Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
5Measured as the distance from the distal corner of one eye to the distal corner of the other eye, 
taken at 7 ± 2 d of age. 
6Measured as the length of the metacarpus from the proximal to distal epiphysis, taken at 7 ± 2 d 
of age. 
7Measured as the length from the dorsal edge of the scapula down the spine to the posterior point 
of the ischium, taken at 7 ± 2 d of age. 
8Days of age used as covariate in the statistical model. 
9Calves were weaned at 199 ± 12 d of age. 
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Table 3.4. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on milk component production 
 Treatment1  Contrast P-value 
Item 0 15 30 SEM2 Linear 0 vs. MFP3 
Week 14 
    Milk fat, % 
    Milk protein, % 
    Milk lactose, % 
    Milk other solids, % 
    Milk total solids, % 
    Milk urea N, mg/dL 
 
2.73 
3.63 
4.37 
5.31 
11.74 
8.04 
 
3.51 
3.67 
4.42 
5.37 
12.67 
8.54 
 
4.29 
4.45 
4.20 
5.19 
13.85 
9.17 
 
0.51 
0.56 
0.15 
0.13 
0.77 
0.67 
 
0.05 
0.32 
0.41 
0.48 
0.07 
0.25 
 
0.08 
0.54 
0.74 
0.81 
0.13 
0.33 
Peak lactation5       
    Milk fat, % 
    Milk protein, % 
    Milk lactose, % 
    Milk other solids, % 
    Milk total solids, % 
    Milk urea N, mg/dL 
3.07 
2.89 
4.97 
5.87 
11.85 
10.34 
3.20 
2.79 
4.93 
5.82 
11.80 
9.34 
4.09 
2.89 
4.92 
5.82 
12.80 
10.33 
0.51 
0.06 
0.05 
0.05 
0.44 
0.60 
0.19 
0.94 
0.52 
0.53 
0.16 
0.99 
0.38 
0.43 
0.48 
0.46 
0.42 
0.50 
1Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
2n = 5 pens. 
3Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
4Samples collected at 7 ± 2 days in milk. 
5Samples collected at 55 ± 5 days in milk. 
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Table 3.5. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on ovarian function and reproductive 
performance 
 Treatment1  Contrast P-value 
Item 0 15 30 SEM2 Linear 0 vs. MFP3 
Ovarian ultrasonography4 
    Left antral follicles 
    Right antral follicles 
    Total antral follicles 
    Average ovarian length, 
    mm 
    Average ovarian height, 
    mm 
Anestrous period, d 
Cyclic by estrus sync, % 
Patch score at FTAI5 
Proportion of patch score 
1 or 2, % 
Pregnancy rates, % 
    FTAI6 
    Breeding Season7 
Calving Interval 
 
8.47 
9.29 
17.76 
 
25.77 
 
14.73 
53.71 
56.67 
1.34 
86.67 
 
 
66.67 
95.00 
368.3 
 
8.94 
10.63 
19.56 
 
26.91 
 
14.93 
47.25 
61.67 
1.93 
58.33 
 
 
41.67 
81.67 
371.4 
 
7.18 
8.47 
15.65 
 
25.34 
 
14.13 
41.68 
41.67 
1.80 
63.33 
 
 
53.33 
81.67 
376.4 
 
0.76 
0.98 
1.40 
 
1.12 
 
0.58 
6.23 
     --- 
0.32 
     --- 
 
 
     --- 
     --- 
5.91 
 
0.24 
0.55 
0.29 
 
0.79 
 
0.47 
0.16 
0.25 
0.32 
0.60 
 
 
0.51 
0.41 
0.33 
 
0.66 
0.83 
0.93 
 
0.80 
 
0.78 
0.17 
0.57 
0.21 
0.46 
 
 
0.23 
0.36 
0.43 
1Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
2n = 5 pens. 
3Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
4Ovarian ultrasonography performed at 55 ± 5 days postpartum. 
5Ovulation was synchronized using 5-day CO-Synch + CIDR protocol. Patch scores were 
recorded at FTAI, 72 h post- PGF2α. 1 = fully activated patch; 2 = >50% activated patch; 3 = 
inactivated patch; 4 = patch lost before fixed time-AI. 
6Number of confirmed pregnant cows at 35 d post AI / number of cows inseminated. 
7Number of confirmed pregnant cows at 56 d post bull removal / number of cows exposed. 
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Table 3.6. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on dam blood metabolites 
 Treatment1  Contrast P-value 
Item 0 15 30 SEM2 Linear 0 vs. MFP3 
Glucose, mg/dL 
    Initial 
    Breeding4 
    Weaning/Final Preg 
BUN, mg/dL 
    Initial 
    Breeding4 
    Weaning/Final Preg 
NEFA, µEq/L 
    Initial 
    Breeding4 
    Weaning/Final Preg 
Met, ppm 
    Initial 
    Post-calving 
    Weaning/Final Preg 
 
81.62 
77.53 
75.65 
 
11.43 
14.89 
26.40 
 
436.74 
591.40 
440.74 
 
2.73 
4.23 
2.89 
 
82.72 
80.74 
77.62 
 
11.22 
13.95 
26.09 
 
433.45 
457.63 
381.25 
 
2.88 
4.17 
3.24 
 
79.87 
83.96 
76.31 
 
11.35 
12.58 
25.19 
 
418.50 
445.60 
483.73 
 
2.89 
4.55 
2.90 
 
2.40 
3.08 
1.58 
 
0.56 
0.69 
0.79 
 
39.31 
52.01 
34.23 
 
0.16 
0.16 
0.16 
 
0.61 
0.15 
0.77 
 
0.92 
0.03 
0.29 
 
0.74 
0.06 
0.38 
 
0.46 
0.18 
0.96 
 
0.91 
0.21 
0.51 
 
0.84 
0.07 
0.44 
 
0.82 
0.04 
0.85 
 
0.41 
0.51 
0.38 
1Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
2n = 5 pens. 
3Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
4Marks the conclusion of dietary treatments. 
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Table 3.7. Effects of MFP supplementation fed to primiparous beef females from 45 ± 13 days 
prior to parturition through 81 ± 13 days postpartum on progeny glucose and blood urea nitrogen 
concentrations1 
 Treatment2  Contrast P-value 
Item 0 15 30 SEM3 Linear 0 vs. MFP4 
Glucose, mg/dL 
    7 ± 2 d of age 
    55 ± 5 d of age 
    Weaning5 
BUN, mg/dL 
    7 ± 2 d of age 
    55 ± 5 d of age 
    Weaning5 
 
127.41 
113.30 
86.24 
 
12.30 
8.98 
20.02 
 
131.87 
106.36 
88.35 
 
10.84 
8.84 
19.36 
 
125.43 
114.41 
83.85 
 
10.58 
8.87 
19.83 
 
5.09 
2.75 
2.18 
 
1.06 
0.57 
0.78 
 
0.78 
0.77 
0.44 
 
0.26 
0.88 
0.86 
 
0.84 
0.39 
0.96 
 
0.23 
0.85 
0.66 
1Calf sex used as fixed effect in the statistical model. 
2Treatment included a basal diet consisting of corn silage, ground hay, and distillers grains top 
dressed with 0 g daily of MFP (M0), 15 g daily of MFP (M15), or 30 g daily of MFP (M30). 
3n = 5 pens. 
4Effect of 0 g · animal-1 · d-1 of MFP vs. all diets containing MFP. 
5Calves were weaned at 199 ± 12 d of age. 
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Figure 3.1. Timeline of data and sample collection (relative to average parturition date) for the experiment investigating the 
effect of 0, 15, or 30 g daily of the methionine hydroxy analog MFP. Supplementation with MFP occurred from 45 ± 13 d prior 
to parturition through 81 ± 13 DPP. (Dam BBB denotes collection of dam BW, dam BCS, and dam blood samples). 
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Figure 3.2. Timeline of reproductive data collection, synchronization of ovulation, breeding protocols, and pregnancy testing 
for the experiment investigating the effect of 0, 15, or 30 g daily of the methionine hydroxy analog MFP. Supplementation 
with MFP occurred from 45 ± 13 d prior to parturition through 81 ± 13 DPP. (P
4
 = progesterone). 
 
94 
 
 
9
4
 
Figure 3.3. Effect of treatment (M0 = 0 g daily of MFP; M15 = 15 g of MFP daily; M30 = 30 g 
of MFP daily) on dam body weight. There was an effect (P < 0.0001) of day on BW, but no 
effect of treatment (P = 0.62) or a treatment x day interaction (P = 0.75). Prepartum BW was 
adjusted for gravid uterine weight (NASEM, 2016). 
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Figure 3.4. Effect of treatment (M0 = 0 g daily of MFP; M15 = 15 g of MFP daily; M30 = 30 g 
of MFP daily) on dam body condition score. Body condition score was graded on a scale of 1 to 
9 (1 = emaciated, 9 = obese; Wagner et al., 1988). There was an effect (P < 0.0001) main effect 
of day on BCS, but no effect of treatment (P = 0.45) or a treatment x day interaction (P = 0.66).
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Figure 3.5. Effect of treatment (M0 = 0 g daily of MFP; M15 = 15 g of MFP daily; M30 = 30 g 
of MFP daily) on dam blood urea nitrogen concentrations. There was an effect (P < 0.0001) of 
day on plasma BUN, but no effect of treatment (P = 0.25) or a treatment x day interaction (P = 
0.31). Days on which BUN tended to be different due to treatments (P < 0.10) are indicated with 
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Figure 3.6. Effect of treatment (M0 = 0 g daily of MFP; M15 = 15 g of MFP daily; M30 = 30 g 
of MFP daily) on dam non-esterified fatty acid concentrations. There was an effect (P < 0.0001) 
of day on plasma NEFA. There was no effect of treatment (P = 0.72); however, there was an 
overall treatment x day interaction (P = 0.03). Days on which NEFA tended to be different due 
to treatments (P < 0.10) are indicated with *.
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Figure 3.7. Effect of treatment (M0 = 0 g daily of MFP; M15 = 15 g of MFP daily; M30 
= 30 g of MFP daily) on progeny glucose concentrations. There was an effect (P < 
0.0001) of day on progeny glucose concentrations. There was no effect of treatment (P = 
0.94); however, there was an overall treatment x day interaction (P = 0.04). Days on 
which progeny glucose tended to be different due to treatments (P < 0.10) are indicated 
with *. 
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CHAPTER 4.    GENERAL DISCUSION 
Non-ruminant nutritionists continually remain at the forefront in regards to their 
knowledge of amino acid (AA) utilization by non-ruminants and the responses observed 
due to supplementation. As ruminant nutritionist continues to gain a better understanding 
of the metabolic complexities of the functioning rumen and its microbiota, we can 
progressively incorporate more of the AA knowledge discovered by our non-ruminant 
counterparts and detect where systemic differences between the two may lie. In terms of 
scientific discovery, dairy cattle have the benefit of being more individually managed and 
output response can be measured immediately after calving (milk production) rather than 
at weaning in beef cattle (weaning weight), often times leaving beef cattle the furthest 
behind in the succession of dietary manipulation knowledge. As precision feeding 
becomes more refined, it should be with intent to increase production outputs through 
greater efficiency of nutrient utilization, thus simultaneously sparing the excretion of 
excess N into the environment. 
The classical variable of interest in determining the effectiveness of ruminally 
protected amino acids (RPAA) in lactating dairy cows is milk production. 2-hydroxy-4-
(methylthio)butanoic acid (HMTBa) products have been consistently noted to increase 
percent milk fat specifically. In the current study, percent milk fat increased linearly with 
increasing supplementation at the week 1 timepoint; however, a dilution effect appeared 
to have occurred prior to the second milk sampling. It has been demonstrated that at a 
maximum, 50% of HMTBa escapes ruminal degradation (Koenig et al., 1999) and 
becomes available for intestinal absorption; however, this value has been considerably 
lower in other studies (Noftsger et al., 2005). With some studies focusing on the effect 
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HMTBa has on alleviating diet-induced milk fat depression (MFD) and altering ruminal 
biohydrogenation (Baldin et al., 2018), it could be argued that the response in percent 
milk fat in the current study was due more to HMTBa utilized in the rumen rather than 
the HMTBa that reached the small intestine for absorption. If that is indeed the case, 
HMTBa still represents a differential niche compared to free methionine (Met) because of 
its ability to be absorbed across the rumen wall via passive diffusion and paracellular 
transfer (McCollum et al., 2000).  
In previous work, lysine (Lys) has often been identified as first limiting when 
diets consisting primarily of corn or corn-based coproducts provided RUP (King et al., 
1991); however, Met was determined to be first limiting when RUP was represented by 
primarily soybean products or animal-based proteins (Armentano et al., 1997). 
Considering the diet fed in the current study consisted of predominantly corn-based 
products (silage and distillers grains), it could be hypothesized that Lys was limiting or at 
least co-limiting with Met or that a greater response of feeding MFP may have been seen 
if distillers grains had been replaced with soybean meal (SBM). If Met was indeed truly 
limiting, it could be theorized that the well accepted ideal Lys:Met ratio in metabolizable 
protein (MP) of 3:1 (Schwab and Ordway, 2003) was likely not fulfilled due to the 
provision of additional Met without subsequent Lys additions. Because AA profiles of 
the total mixed ration (TMR) were not analyzed in the present study, it is unknown what 
the true Lys:Met ratio of MP was. 
In reviewing work completed by Short and Adams (1988), the approximate 
priority for the partitioning of nutrients is basal metabolism, activity, growth, energy 
reserves, pregnancy, lactation, additional energy reserves, estrous cycles and initiation of 
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pregnancy, excess energy reserves. It could be speculated that the differential provision 
of Met was effective in covering basal metabolism and growth requirements as well as 
modulating lactation response; however, supply was not effective in reaching and altering 
estrous cycles and initiation of pregnancy. In conducting future studies supplementing 
MFP, it may be beneficial to utilize multiparous females in the experimental model 
instead. The use of multiparous females eliminates the growth requirements that still exist 
in primiparous females, potentially allowing the differential provision of MFP to reach 
further down the hierarchy of nutrient partitioning and potentially elicit differences in 
regards to reproductive function. 
The current study focused primarily on peripartum supplementation in the hopes 
that the fetal programming effects and milk response would induce beneficial differences 
in pre-weaning growth ultimately improving profitability. No differences in pre-weaning 
performance were noted in this study; however, if it is truly believed that MFP 
supplementation alters progeny development then there could be benefit in studying the 
reproductive function or carcass characteristics of offspring. Additionally, in trying to 
elicit if reproductive performance differences exist, it would be beneficial to continue 
MFP supplementation up through at least the establishment of pregnancy. Dietary 
treatments and MFP supplementation was terminated the day prior to artificial 
insemination (AI) and as data from other timepoints would suggest, it is very unlikely 
that differences in HMTBa and Met existed in the blood. That is not to say that 
differences do not exist in body tissues or reproductive organs due to residual effects; 
however, to strongly link supplementation to reproductive improvements, it would be 
worthy to provide supplementation until pregnancy is confirmed via ultrasound. 
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